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ABSTRACT 
A specially designed, highly restrained specimen test (60° groove 
angle) was successfu~ly used to study root run weld metal solidificati on 
cracking origins and tendencies. 
Thirty six submerged are vrelds vtere rnade on two High Yield Strength 
Quenched and Tempered base steels (HY100 and Q2N), with two low alloy 
wires (LINDE 95 and OERLIKON S3 NiMo 1), two basic fluxes (OP41TT and 
OP121TT), and six welding parameters combination at three energy inputs, 
viz: 1.9, 2 . 8 and 4.1 KJ/mm. 
The weld metal solidification cracking phenomenon showed up to be 
extremely complex and basically dependent on chemical composition, 
solidification (primary) structures, microsegregation , flux type, den-
drites size and orientation, and base metals stress state . 
The most resistant welds to this defect were . those made using Q2N 
base steel, OP121TT flux and OERLIKON S3 NiMo 1 wire . A combination 
of the following properties are thought to have induced this result: 
high carbide- to- ferrite elements forming in the base metal; flux pro-
moting wel d centreline equiaxed structure and less microsegregation; 
wire chemical composition, vtith high Mn/Si ratio, inducing also less 
microsegregation at the weld centreline; lower carbon and nickel com-
bined contents in presence of also lower phosphorus and sulphur contents . 
The Q2N greater ability to relieve the strain around the weld pool at 
high temperature is another possibility, albeit not practically demon-
strated. 
The welding pararneters ' main influence on solidification cracking 
tendency was found to be through change in centreline solidification 
macrostructure and dendrite size, but the stress fields within and around 
the weld pool are also thought to play a significant role. 
The dendrite size holds a strong relationship with weld bead geo-
metric factors, such as weld bead height-to-width ratio and , principally , 
external area- to- perimeter ratio . The dendrite size rneasured on the 
weld bead longitudinal section must be corrected, for it depends on the 
angle between the dendrite growth direction and the weld bead symmetry 
line in a transverse section. Thus, the actual dendrite size rate of 
change with welding parameters is not that observed through metallo-
graphic analysis. 
Four types of centreline solidification macrostructures were iden-
tified and associated with solidification cracking tendency, viz: stray, 
competit ive columnar, centreline and equiaxed. The former three macro-
structures were found to be dependent on welding parameters, whilst the 
latter was promoted by the OP121TT flux. Experiments have shown that 
this flux teleases more -than twice the· amount of gas(es) released by 
the OP41TT flux. · 
The time available for reactions between the weld pool liquid metal 
and the surrounding atmosphere was evaluated- through an (approximate) 
weld pool retention time , given as the weld r~ple lag- to-welding speed 
ratio . Good correlation was found between ~s ratio and both the 
amount of fused slag and deoxidants recovery. 
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The root run welds have shown a secondary microstructure princi-
pally composed of ferrite with aligned M- A- C, acicular ferrite and 
martensite . No differences were detected between weld metals deposited 
by both wires or fluxes, being noticed the change in microstructure 
size only. A good correlation was found between transformation temp-
erature and cooling time . 
Evidence was found of ' cold ' or high temperature (not solidification) 
cracking propagation from existing s olidification cracking, and carbides 
segregation along the solidification cracking path. 
Change in the groove angle to 0° and 120° modified the general weld 
bead geometry and reduced the solidification cracking tendency . 
Cold wire addition reduced the centreline solidification cracking 
tendency, with no action on transverse cracks. 
A device was designed to make exploratory welds with wire oscilla-
tion keeping the welding head still. Low oscillation frequencies 
(below 10 Hz) in the welding direction have shown to be very effective 
to overcome both , transverse and centreline solidificati on cracks. 
Stress relieving the base metals considerably reduced the solidification 
cracking tendency. 
The all - weld metal mechanical pr operties were assessed through the 
use of a specimen design which allowed the obtention of practically 
nil diluted welds , made with 1. 9 and 4 . 1 KJ/mm energy inputs and the 
two wires and fluxes · combinations . The results have shown that even 
at the highest energy input i t is possible to obtain weld metals with 
relatively high yield strength and toughness , using any one of the 
avail able flux/wire combinations . The results yielded not less than 
600 N/mm2 Yield Strength and average Charpy V- notch energy absorbed 
of 80 J at - 40°C , with transition temperature to quasicleavage fracture 
mode occurring below - 4ooc and at or above -80°C~ 
The basi c techniques utilised included metallographic analysis 
using light microscope,-Transmission Electron Microscope and Scanning 
Electron Microscope ; weld metals ' in situ ' thermal analysis; all- weld 
metal mechanical tests; hardness. 
r_. 
iii -
ACKNOviLEDGEMENTS 
This work certainly would be much more imperfect without the 
generous help, guidance and friendly relationship of my supervisor , 
Dr . J . H. Rogerson, and sincere gratitude is here expressed. 
The sponsorship of th~ Brazilian Comissao Nacional de Energia 
Nuclear (CNEN) is acknmofledged. 
The author also thanks Dr . F . J . Kiss and Dr . A. Muller from 
the Uni versidade Federal do Rio Grande do Sul (UFRGS ) for their 
encouragement . 
A special thanks to Professor R. L. Apps for his support in 
some difficult matters. 
Dr . J . C. Borland made many interesting s uggestions and these 
·are acknowledged. 
The author is indebted to Mr . K. A. Nel son for his constant 
f riendship and advice on all types of subjects . The wire 
oscillation system would never have been constructed without his 
help. 
A lot of help was received from Messrs . P. Cook and P . Haines, 
and this is specially acknowledged. 
Thanks are also due t o Messrs . S . Skevington , D. Smith, 
C. Mat thews, S. D. Moynihan, A. Nelson, D. Timpson and J . Savil l 
for their assistance . 
Finally , the author would like to expr ess warm thanks to hi s 
colleagues Jorge , Augusto and Nelson for their friendship and 
fruitful discussions on some subjects. 
- iv -
CONTENTS 
ABSTRACT 
ACKNO~ILE:r:GEMENTS 
LIST OF TABLES 
LIST OF FIGURES 
.. 
1. INTRODUCTIO~ 
2 . HIGH YIELD STRENGTH QUENCHED AND TEMPERED STEELS 
2. 1 Outline of thei r development 
2 . 2 Metallurgy 
2 . 3 Mechanical/metallurgical properties 
2 . 4 Summary 
TABLES 
FIGURES 
3. WELD METAL SOLIDIFICATION PRINCIPLES 
3 . 1 Introduction 
3. 2 General solidification theory 
3 . 2. 1 Solute segregation : fundamentals 
3 . 2 . 2 Constitutional supercooling 
3 . 2. 3 Microsegregation and chemical reactions effects 
3. 3 Weld solidification 
3. 3 .1 \veld pool : gro\>/th and geometry 
3 . 3.2 Mechanisms and modes of solidification 
3 . 3 .3 Modifying the normal solidification process 
3 . 4 Summary 
FIGURES 
4. SOLIDIFICATION CRACKING PHENOMENON 
4 . 1 Introduction 
4 . 2 The est ablished theories 
4. 2. 1 
4 . 2. 2 
4. 2 .3 
The s hrinkage- brittleness theory 
The strain theory 
Borland ' s generalised theory and beyond 
4. 3 The role of chemical elements 
4. 3 . 1 The individual action ~· 
4 .3 . 2 Predicti on of their effects 
4 . 4 Base metal behaviour s urrounding the weld pool 
4. 5 Other f actors 
4. 6 Summary 
FIGURES 
Page 
i 
iii 
vi i 
ix 
1 
2 
2 
3 
6 
8 
9 
11 
22 
22 
22 
22 
24 
25 
26 
26 
29 
32 
33 
35 
42 
42 
43 
44 
45 
46 
48 
48 
53 
55 
59 
62 
64 c 
.. 
-v-
CONTENTS (Continued) 
5. 
6. 
7. 
\o/ELD METAL TOUGHNESS AND ITS RELEVANCE: AN OVERVIEV/ 
5. 1 Introduction 
5. 2 The flux fac tor and oxygen 
5.3 The microstructure and chemical composition 
5.4 . Summary 
FIGURES 
MATERIALS AND EXPERIMENTAL TECHNIQUES 
6. 1 Equipment and procedures description 
6.1.1 
6. 1. 2 
6.1.3 
6. 1.4 
6. 1.5 
6. 1.6 
Metallogr aphy and microanalysis 
Preheat interpass t emperature and plate 
preparation 
Thermal analysis 
Mechanical tests and hardness 
' Chemical ànalysis and dilution 
Cracking and bead geometry measurements 
69 
69 
69 
71 
7J 
74 
75 
75 
75 
76 
76 
76 
77 
78 
6. 2 Base steels characterisation 78 
6.2. 1 Chemical composition and mechanical properties 78 
6.2.2 Metallography , inclusions identification and 79 
hardness 
6.2.3 Comments 81 
6.3 Welding consumables characterisation 
6.3. 1 
6.3.2 
TABLES 
FIGURES 
Wires 
Fluxes 
ALL-WELD METAL (MULTI- PASS) MECHANICAL TESTS 
7 . 1 Welding conditions and coding 
7 . 2 Results and discussion 
82 
82 
83 
85 
89 
99 
99 
100 
7 . 2. 1 Thermal analysis and metallography 100 
7 . 2 . 2 Tensile properties, hardness and fractography 102 
7.2.3 Impact and fractography 104 
7.3 Summary 105 
TABLES 107 
FIGURES 108 
8. WELD METAL SOLIDIFICATION CRACKING TESTS 
8. 1 Welding conditions and coding 
133 
133 
135 
136 
8. 2 Cr acking and bead measurement 
r ·8.3 Cracking identification and tendency : results 
8.3. 1 Definite solidification cracking 
8. 3. 2 Cracking size, bead geometry and · chemical 
analysis 
8.4 Dendrite size ~d growth direction 
8.5 \•leld pool retention time 
136 
136 
138 
140 
-vi- · 
CONTENTS (Continued) 
8.6 Factors which are not totally quantifiable 
8. 6. 1 The weld stress 
8. 7 
8. 8 
8. 9 
8.6.2 The primary macrostructure morphology 
8.6.3 The microsegregation 
Related secondary phase transformations: results 
and discussions 
8 . 7 . 1 
8.7. 2 
Thermal analysis and hardness 
Microstructures 
' · 
8.7.2.1 
8 . 7 . 2 . 2 
The heat affected zone 
The weld metal 
8 . 7 . 3 Phases : order of appearance and thermal cycles 
Solidification cracking and secondary micro-
structure connexion 
General discussion on solidification cracking and its 
relationship with secondary microstructure 
8 . 9. 1 Test specimen geometry and cracking 
8. 9.2 Anal ysis of results 
8. 10 Summary 
TABLES 
FIGURES 
Page 
141 
141 
144 
146 
148 
148 
150 
150 
150 
1.5) 
154 
155 
155 
1_56 
161 
164 
187 
9. PROCEDURE TECHNIQUES TO REDUCE SOLIDIFICATION CRACKING TENDENCY 231 
9.1 Introduction 231 
9. 2 \o/ire oscillatl:on technique 232 
9. 3 Other techniques 233 
9.3.1 Cold \orire addition 233 
9. 3 . 2 Groove angle change 233 
9. 4 Results and discussion 
9.5 Summary 
TABLES 
FIGURES 
10. CONCLUSIONS 
10. 1 
10. 2 
10. 3 
10. 4 
Solidification cracking 
10. 1. 1 
10. 1.2 
10. 1. 3 
10. 1. 4 
Compositional factors 
Solidification macrostructure 
segregation factors 
Stress field factor 
Concluding remarks 
Secondary microstructure 
All- weld metal mechanical properties 
Suggestions for future research 
Dilution and expected content 
Isothermic pattern 
and micro-
REFERENCES 
APPENDIX A 
APPENDIX B 
APPENDIX C List of the most common symbols, abbreviations 
and units used in this work 
234 
237 
239 
241 
246 
246 
246 
247 
248 
248 
249 
250 
250 
251 
271 
272 
277 
2. 1(a) 
2. 1(b) 
'· 6 . 1 
6 . 2 
6 . 3 
6 . 4 
6 . 4(R) 
7. 1 
8 . 1 
8 . 2 
8. 3(a , b) 
8 . 4(a,b) 
8 .5(a-d) 
8. 6 
8. 8(a 1b) 
- vii -
LIST OF TABLES 
Chemical composition and mechanical proper-
ties specification for HY80 steel pl ates 
( from -MIL-S-16216G Ships) I 6 I 
Chemical composition and mechanical proper-
ties specification for Navy Q1 steel plates 
(from DG Ships 70, Jan. 1968 I 6 I 
Chemical composition a nd mechanica l proper -
ties of HY100 and Q2N parent steels 
\Vires chemical composi tion (\ott % x 10- 2 ) 
OP41TT and OP121TT fluxes : producer 
specifications 
Analyses of fluxes taken f r om references as 
quoted (wt% x 1o- 1) 
List of references as quoted in Table 6 . 4 
Weld metal mechanical tests (mult i pass): 
Tensile properties , cooling t ime and hardness 
\olelding conditions for each parent steel plate 
SoMe symbols from Tables 8 . 3(a , b) and 8 . 4(a ,b) 
and their meanings (see Fig . 8 . 3) 
Welding conditions and bead geometry for each 
'IIÍrelflux combination 
\~elding conditions , cracking size, dilution, 
and fused slag (functions ) for each wirelflux 
combinat ion 
\~eld metals chemical anal yses 
Solidifi cation cracking tests (single run): 
relationship between welding conditions, 
dendrite growth direction angle , and dendrite 
size (apparent and actual) 
Solidification cracking test (single runs): 
relationship between welding conditions , weld 
bead ripple lag, weld pool retention time, and 
fused slag/weld length ratio 
Solidification cracking tests (single run): 
weld metal hardness and cooling time 
e: 
Page 
9 
10 
85 
86 
86 
87 
88 
107 
164 
165 
166 ,167 
168,169 
170-173 
174 
175 
176,177 
- viii -
LIST OF TABLES (Continued) 
8. 9 
8. 10 
8 . 11 
8 . 12 
8 . 13 
8 . 14 
8 . 15 
8. 16 
9. 1 
9.2 
Solidification cracking tests (single run): 
relationship between welding conditions , 
carbon equivalent and weld metal hardness 
(HV5) 
Estimated phase transformation temperatures 
and average cooling times 
.. 
Solidification cracking tests (single run): 
relationship between welding conditions and 
cracking tendency 
(a) Q2N steel 
(b) HY100 steel 
Page 
178 
179 
180,181 
Solidification cracking tests (single run) : 182 
relationship between welding conditions, 
chemical composition balance and solidification 
cracking (SC) tendency for HY100 and Q2N steels 
Solidification cracking tests (single run) : 183 
relationship bet\oreen welding condi tions, carbon, 
sulphur and solidification cracking (SC) tendency 
for HY100 and Q2N steels 
Solidification cracking tests (single run): 184 
relationship between welding conditions , Mn/Si 
ratio , and solidification cracking (SC) tendency 
for HY100 and Q2N steels 
Solidification cracking tests (single run) : 185 
relationship between welding conditions, carbon 
equivalent (for se- see text), and phosphorus 
contents for Q2N and HY100 steels 
Solidification cracking tests (single run): 5 186 relationship between welding conditions , Mn /S 
ratio, and solidification cracking (SC) tendency 
for RY100 and Q2N steels 
Solidification cracking tests (non-standard 239 
weldings): welding conditions, weld bead di-
mensions and vreld defects 
Oscillation tests : weld dimensions of bead on 
plate (BOP) weldings . 
240 
2. 1 
2. 2 
2. 6 
2. 7(a) 
2. 7(b) 
2. 8 
2. 9 
2. 10 
2. 11 
2. 12 
2. 13 
2. 14 
2.15 
2.16 
2. 17 
- ix-
LIST OF FIGURES 
Enthalpies of Formati on of Carbides, Nitrides and 
Borides I 28 I 
Effect of Second Phase Particles on Total Ductility 
I 131 I 
Iron- Carbon Equilibr ium Diagram I 22 I 
Liquidus Projection for the Cr-Fe- Ni Systems I 22 I 
Sketch of Macrosegregation in Large Steel Ingots. + 
denotes Positive Segregation , - denotes Negative 
Segregation. 1Bands 1 usually involve both Positive 
and Negative Zones I 24 I 
Solubility in (wt%)2 of Carbides and Nitrides in Austen-
ite as a Function of Temperature I 28 I 
CCT Diagram for HY80 Steel I 29 I 
Ibid I 6 I 
CCT Diagram for HY130 Steel I 30 I 
Effect of Tempering Temperature on Properties of 88. 9mm 
Thick ASTM- A543 Plate I 31 I 
Replotting of 'Hot Brittleness ' Date from Reference I 32 I 
Specimens Broken on Cooling from 1414 °C (Steel QT35) 
and 1422°C (Steel HY80) 
Decreases in the Toughness of HY130 and HY100 Steels 
caused by Stress- Relieving Treatment . FATT is the 
Fracture-Appearance Transition Temperature at 500~ 
Crystallinity I 33 I 
Relationship among FATT , UTS , YS and Tempering Temper-
ature. This behaviour is typical for HY Steels in 
general I 34 I 
Fatigue Test Data and S- N Curve for Plain Pl at e Speci-
mens with Mill- Scale intact . Numbers adjacent to the 
Data Points indicate the Failure of two or more Speci-
mens of one Steel at approximately the same lives I 35 I 
Fatigue Test Data and S- N Curve for Butt Welds (as-welded) 
Exhibiting Crack initiation at the toe of the Weld. 
Arrows indicate Specimens. in which Failure initiate at 
some other location I 35 I 
Effect of Test Temperature on the Plane- Strength Fracture 
Tougrilless of HY80, HY130 and ASTM A517F Steels I 36 I 
Average Loss of Material in Marine Environment, for 
Weld Metal (a), HAZ (b), Parent Steel (c) I 37 I 
Effect of Neutron Fluence (288°C ar 550°F) as Indicated 
along the lines , and different Copper Content on YS of 
an ASTM A543 Class 1 Steel and its Submerged Are Weldment . 
A 600Üf (316°C) Irradiatiort for one Pl ate is also known. 
I 39 I 
Page 
11 
11 
12 
12 
13 
1) 
14 
14 
15 
15 
16 
17 
17 
18 
18 
19 
19 
20 
- x -
LIST OF FIGURES (Continued) 
Page 
2 . 18 Effect of Irradi ation in Impact Strength of HY80 20 
Steel I 4o I 
2. 19 Relationship between the Neutron Fluence at less than 21 
260°C and Charpy V- Notch Transition Temperature I 41 I 
3. 1 Unidirectional Solidification of a Binary Alloy (C0 ) )5 
with limited Liquid Diffusion and no connection (a) 
Liquid Metal Solidifying wi th a Plane Interface.·. (b) 
Related Phase Diagram. (c) Solute Concentration profile 
during steady-state . (d) Solute Concentration profile 
after end of solidification. 
3 . 2 Constitutional Supercooling. (a) Solute Enriched layer J6 
ahead of the Interface . (b) Actual Temperature below 
Liquidus Temperature due to Composition Effect. 
3 . 3 Effect of Temper ature Gradient (G) and Growth r ate (R) )6 
on Constitutional Supercooling. 
3 . 4 Schematic Representation of two Weld Pools , showing )7 
their shapes at (a) High and (b) Low Welding Speeds I 56 I 
3.5 Schematic Representation of the Spatial Weld Pool Shape )7 
(see text) I 63 I 
3. 8 
3 . 10 
4.1 
4. 2 
4. 4 
Relationship between Liquid Phase Angle,e 
ücation Angle , ~ I 69 I 
and Solidi-
Schematic Relationship between the Temperature Gradient 
(G), Growt h Rate (R), and Solute Concentration on the 
Solidifi cation Modes I 55 I 
Crater of a TIG Weld Bead. Mid distance bet\.reen Fusion 
Zone and Crater Cent re . Transition from cellular (C) 
to cellular - dendritic (CD) Solidification Microstructure , 
SEM, untouched (s ee text) 
Ibid. Just before the ' hill ' at the Crater Centre . 
Dendrite SEM, untouched (see text) 
Ibid. Top of the ' hill ' at the Crater Centre. Equi-
axed dendrites , SEM , untouched (see text) 
Classification of Hi gh Temperature Intergranular Welding 
Cracks 
Effect of Constitutional Features on Cracking Suscepti-
bility in Binary Systems I 99 I 
Relationship between Dihedra l Angle and Ratio of Inter-
facial Energies I 130 1- After I 100 I 
Schematic Representation of Changes of Temperature and 
Stresses during Welding I 170 I 
Measured Strain changes for HY130 vleldment I 172 I 
)8 
)8 
)9 
40 
41 
64 
6.5 
c.-V:J 
66 
66 
- xi -
LIST OF FIGURES (Continued) 
4. 6 
4. 7 
4. 8 
5 . 1 
5 . 2 
6 . 1 
6 . 2 
6 . 3(a) 
Ductility in the HAZ of a Waspaloy Weld During 
Passage o f \o/elding Are , Showing the 1 Zero Ductili ty 
Plateau ' I 176 I 
Zero Stress and Yield Strength Lines in a Weld HAZ 
I 175 I 
Yield Strength Line and Zero Ductility Plateau of a 
Crack Sensitive Alloy I 175 I 
Schematic Representation of the Complex Effect of 
Flux Basicity , Deoxidants in Wire and Flux, and 
Residual in Wire and Flux on the Toughness of \o/eld 
metal I 213 I 
Basi city Index Effect on Weld Metal Oxygen Content 
I 214 1. (a) BI Calculated through I 203 f . (b) BI 
Calculated using the same Formula , without caF2 
Q2N Steel Microstructure . Nital (a) x 100, (b) x 500 
HY100 Steel Microstructure . Nital (a) x 100, (b) x 500 
HY100 SEM Image of Inclusions . General View of In-
clusions shown in Figures 6 . 3(b) and 6 . 3(e). i{ital, 
X 1K 
6 .3(b) HY100 SEM Image of Inclusions. Nital, x 5K 
6. 3(c) 
6 . 3(d) 
6 . 3(e) 
6 . 3(f) 
6 . 4(a) 
6 . 4(b) 
6. 5 
6 . 5(e) 
6 . 6 
6 . 7(a) 
6 . 7(b) 
Manganese Map for Inclusion shown in Figure 6.3(b) 
Sulphur Map for Inclusion shown in Figure 6 . 3(b) 
HY100 SEM Image of Inclusions . Nital , x 5K 
Aluminium Map for Inclusion shown in Figure 6 . 3(e) 
Q2N Steel Microstructure . 1 Pseudo-Relief 1 Technique . 
SASPA, x 1000 
Ibid, HY100 Steel 
TEM Image . Carbon Extraction Replica. x 4K. (a) Q2N 
Steel, (b) HY100 Steel 
Ibid, x 13K. (c) HY100 Steel, (d) Q2N Steel 
Ibid, Q2N Steel , x 14K 
Steel Microstructure. ' Banding ' Phenomenon , Nital + 
Sodium Bisulfite, x 32 (a) Q2N Steel, (b) HY100 Steel 
Relationship between Basicity Index and Year for 
Flux OP41TT 
Relationship between Year and Amounts of Si02 and CaF2 
(dashed line) 
Page 
67 
67 
68 
74 
74 
89 
89 
90 
90 . 
91 
91 
92 
92 
93 
93 
95 _ 
95 
97 
98 
- xii -
LIST OF FIGURES (Continued) 
7. 1 
7.2 
7-3 
7.4 
7-5 
7. 6(a) 
7.6(b) 
7. 8(a) 
7. 8(b) 
7. 8(c) 
7. 8(d) 
7. 8(e) 
7. 9(a) 
7. 9(b) 
7.10(a) 
7. 10(b) 
7. 10(c) 
7. 11 
7. 12 
Location of All-weld Metal Tensile and Irnpact 
Specimens 
\oleld Metal Thermal Analysis - Weldment: WH 641s4 
Weld Metal Thermal Analysis - Weldment: HQ 674L4 
Transverse Weld Bead Section Macrostructure . Nital 
X 1 • 
(a) 1. 9 KJ/mm energy input 
(b) ·· 4.1 KJ/mm emergy input 
Three Microstructural Zones . Nital, x 50. (a ) Sp. 
\ofQ641 S4 (1 . 9KJ/mm) . (b) Sp. \o/Q674S4 (4. 1 KJ/rnm) 
Columnar Zone of Sp. \•JQ 641 S4 (1 . 9 KJ/mm) Nital , x 200 
Details of (a) . Grain Boundary Ferrite (GB), Acicular 
Ferrite (AF), Martensite (M), Ferrite with Aligned 
M- A- C (FC), and Carbides (C) Precipitated mainly along 
Grain Boundaries . Nital, x 1000 
Microconstructtrres at the Columnar Region of 4 . 1 KJ/mm 
energy input welds. Nital , x 500. (a) Sp. WQ 674 S1 
(OERLJKON S3 Wire and OP121TT F1ux) (b) Sp. WQ 674 S4 
(OERLIKON S3 Wire and OP41TT Flux) . (c) Sp. YIQ 674 L4 
LINDE 95 Wire andO P41TT Flux) 
Yield Strength Range for All-weld Metals 
Tensile Strength Range for All-weld Metals 
Elongation Range for All-weld Metals 
Reduction in Area Range for All-weld Metals 
Hardness Range for All-vteld Metals 
All-weld Metal Tensile Specimen Pieces Assembled 
after Test x 1 
1Cup 1 and ' Cone' Fracture Surfaces Macrophotograph 
X 1. 4 
SEM view of the 'Cone ' Part . Tensile Specimen x 20 
SEM view of the 1Cup ' Part . Tensile Specimen x 20 
Microvoids on the 1 Cup ' Surface Fractured Tensile 
Specimen. The Particles which Initiated the Voids 
are Visible . SEM, x 5K 
Charpy V-notch Transition Curves for \oleld Metals Dep-
osited under same conditions on Q2N and HY100 Steels . 
(a) Sps. WQ/WH ~1 S4, (b) Sps. WQ/WH 674 S4, (c) Sps . 
WQ/WH 674 L4 , (d) Sps. WQ/WH 674 S1, (e) Sps. WQ/WH 
674 11 
Charpy V-notch Energy Absorbed Range for All-weld 
Metals at : (a) 20°C, (b) 0°C, (c) - 20°c , (d) -40°C, 
(e) -8ooc e 
Page 
108 
109 
110 
111 
112 
11) 
11) 
114 
115 
116 
117 
118a. 
118b 
119 
119 
120 
120 
121 
122-126 
127-1)1 
- xiii -
LIST OF FIGURES (Continued) 
Page 
7. 13 Examp1es of Fracture Surface Degree of Crystal1- 121 
inity for Charpy Specimens tested at 20 , -4o and 
-80°C , x 2 
7. 14 General Fracture Mode for Charpy Specimens. SEM, x 2K. 132 
Tested at: (a) 20oc, Microvoid Coa1escence Type (b) 
- 80°C. Quasic1eavage, with i11- defined c1eavage facets 
8. 1 Specimen Configuration for Submerged Are \ve1d Tests 187 
8 . 2 1de1ding Setting up for Standard Submerged Are \ve1dings 188 
and for Are Osci11ation 
8. 3 Bead Geometry Areas and Defects Glossary 189 
8. 4 Typical Weld Bead Transverse Sections . Nital , x 3 . 190 
(a) Sp. H641 L4 , (b) Sp . Q 1371 L4 , (c) Sp. H674 L4 
8 . 5 Sp. H1371 L1 (13. 8 mm/s, 1 . 9 KJ/mm) . (a) Transverse 191 
Section Showing a Centre1ine SC . SASPA, x 100, (b) 
Ibid. P1an Section. SASPA , x 50 
8 . 6(a,b) Tv1o Typical Aspects of (dendritic) Solidification 192 
Cracking Surface. SEM x 1K 
8. 7 Relationship Amongst Weldings Conditions, Percentage 193 
of Centreline Solidification Cracking in Sections 
(Average), and Presence or Absence of Transverse 
Cracking (co1d wire addition or wire oscillation 
resu1ts not shovm) 
8. 8 Q2N Weldments . LINDE 95 Wire and OP141 TT F1ux 194 
8. 9 HY100 \veldments . LINDE 95 Wire and OP41Tl' Flux 195 
8 . 10 Dendrites as seen in a longitudinal \Ve1d Bead Section, 196 
(a) WC 641, (b) WC 662 , (c ) WC 674, (d) WC 1371 . SASPA , 
x100 
8. 11 Re1ationship between the Apparent (Z) and Actual (DS) 197 
Dendrite Size and its Dependence on the Dendrite 
Growth Angle (oC) . (a) Schematic Dendrite Growth 
Direction on a Weld Transverse Section. (b) Geomet-
rical Relationship betv1een Z and DS 
8. 12 Relationship between Held Bead Area- to-Perimeter Ratio 198 
and Actual Dendrite Size 
8 .13 R~lationship between We1d Pool Reaction Time 199 
(Approximate - see text) and Fused Slag (OP41TT F1ux) 
8. 14 Relationship between Weld Pool Reaction Time 200 
(Approximate - see text) and Fused Slag (OP121TT F1ux) 
8 . 15 Rel ationship between v/eld Poo1 Reaction Time 201 
(Approximate - see text ) and Si1icon Difference 
(OP41TT Flux) 
- xiv -
LIST OF FIGURES (Continued) 
Page 
8. 16 Relationship between \o/eld Pool Reaction Time 202 
(Approximate - see text) and Manganese Difference 
(OP41TT Flux) 
8.17 Computed Isothermic Pattern for three Different 203 
\velding Conditions (1200C preheat) on the X-Y Plane 
and Z = O (Half thickness of a 33 mm Steel Plate) 
8 . 18 Primary (Solidification) Macrostructure at v/eld 204 
Centreline Using OP41TT Flux. SASPA , x 25 
(a) Sp. H641 L4 (6 . 3 mm/s·, 1. 9 KJ/mm) Stray 
Macrostructure . Some Vertically Growing Dendrites 
around crack tip. (b) Sp. H674 L4 (6. 3 mm/s, 4 . 1 KJ/mm) 
Competitive Columnar Macrostructure \o/eld Centreline in 
ZigZag. Some Equiaxed Dendrites just below Crack 
tip. (c) Sp. H1371 L4 (13. 8 mm/s, 1.9 KJ/mm) . Near 
Centreline Macrostructure (Holding much of the 
Competitive Columnar Type) . Dendrites meet at 
\o/eld Centre in a better defined line than (b) 
8. 19 Primary Macrostructure . Details from \o/eld Centreline 205 
(Figs. 8 . 18 (a- c) , SASPA, x 100 
(a) Sp. Q 641 L4 (6. 3 mm/s, 1. 9 KJ/mm) . Vertically 
Growing Dendrites 
(b) Sp. H674 L4 (6 .3 mm/s, 4. 1 KJ/mm) Zigzag Centreline 
(c) Sp. Q1371 L4 (13. 8 mm/s, 1. 9 KJ/mm) vlell defined · 
centreline, just below centreline SC Crack Tip 
8 . 20 Primary Macrostructure at \o/eld centreline using OP121TT 206 
Flux. SASPA, x 50 
8 . 21 Sp. H662 11 (6 .3 mm/s , 2. 8 KJ/mm) . Transverse Cracking 207 
being apparently arrested at one Weld Band 
8 . 22 Segregation Lines in \velds on HY100 (a- c) and Q2N 208 ,209 
(d- f) Base Metals, using LINDE 95 and OP41TT Flux. 
8.23 
8 . 24 
8 . 25 
8 . 26 
8 . 27 
8.28 
8.29 
Ammonium Persulphate, xj 100. (a and d) Sps. H641 14 
and Q641 L4 (6.3 mm/s, 1. 9 KJ/rnm) . 
(b and e) Sps . H674 L4 and Q674 14 (6 .3 mm/s, 4. 1 KJ/rnm) 
(c and f) Sps. H1371 14 and Q1371 14 (13 . 8 rnm/s, 1. 9 KJ/rnm) . 
Weld Segregation Li nes (6 . 3 mm/s, 4 . 1 KJ/rnm) . 
Amrnonium Persulphate , x 50 
(a) Sp. Q674 11 (LINDE 95 \o/ire, OP121TT Flux) 
(b) Sp. Q674 S1 (OERLIKON S3 \o/ire, OP121TT Flux) 
(c) Sp. Q674 S4 (OERLIKON S3 \o/ire, OP41TT Flux) 
\o/eld Metal Thermal Analysis - \o/eldment : Q641 S1 
Ibid: H662 s4 ~· 
Ibid : Q674 S1 
Ibid: Q972 14 
Ibid: H961 14 
Ibid: H137154 
210 
211 
212 
213 
214 
215 
216 
-x:v -
LIST OF FIGURES (Continued) 
Page 
8. 30(a) Dendrite Growing into Weld Metal from the HAZ. 217 
Notice the Dependence on Base Metal Grain Size . 
Sp. Q662 L4 (2 . 8 KJ/mm). SASPA, x 100 
8. 30(b) Martensitic Microstructure in the Bay Region. Sp. 217 
Q674 L1 (4 . 1 KJ/.mm) . Ammonium Persulphate + Nital , x 100 
8. 30(c) Detail of Coarse HAZ for 4.1 KJ/mm. Sp. Q674 L1 . Nital , 218 
x500 
8.30(d) Detail of Coarse HAZ for 4 . 1 KJ/mm. Sp . H674 L1 , Nital, 218 
x500 
8.31 Delta Ferrite (DF) and Secondary Microstructure . SEM 219 
Nital + SASPA (a) x 1K position arrov1ed corresponds 
8. 32 
8 .33 
8. 35 
to that in (b) , x 5K 
Weld Metal Columnar Secondary Microstructure. Nital 
X 200 
(a) Sp. Q674 S1, 4 . 1 KJ/mm 
(b) Sp. Q641 S1, 1. 9 KJ/mm 
(c) Sp. Q641 L1, 1. 9 KJ/mm 
(d) Sp. Q641 L4 , 1. 9 KJ/mm 
\veld Metal Secondary Microstructure o f 1. 9 KJ/mm 
Energy Input Welds. 
(a) Sp. Q641 L4, Nital,x 500 
(b) Sp. H641 L1, Nital , x 500 
(c) Sp. Q641 S1, Nital , x 500 
(d) Sp. H641 L1 , Nital, x 1000 
Weld Metal Secondary Microstructure of 1. 9 KJ/mm 
Energy Input Welds. Nital 
(a) Sp. H641 L4 SEM, x 2000 
(b) Sp. H641 L4 SEM, x 5000 
(c) Sp. H641 L1 TEM , x 2000 
(d) Sp. Q641 L1 TEM, x 4000 
(e) Sp. Q641 L1 TEM x 5000 
(f) Sp. Q641 L4 TEM , X 4000 
(g) Sp. Q641 L4 TEM, x 7000 
(h) Sp. Q641 L1 TEM , x 8000 
Weld Metal Secondary Microstructure of 4. 1 KJ/mm 
Energy Input Welds 
(a) Sp. Q674 L4. Nital, x 500 
(b) Sp. H674 L1. Nital, x 500 
(c) Sp. Q674 S1 . Nital, x 500 
(d) Sp. H674 L4. Nital + Sodium Bisulfite x 1000 
Weld Metal Secondary Microstructure of 4 .1 KJ/mm 
Energy Input Welds. Nital 
(a) Sp. Q674 L4 SEM, x 2000 
(b) Sp. Q674 L4 83M, x 5)00 
(c) Sp. H674 L4 TEM, x 4000 
(d) Sp. Q674 L4 TEM, x 7200 
(e) Sp. Q674 L1 TEM , x 4000 
(f) Sp. Q674 L1 TEM , x 7000 
(g) Sp. Q674 L1 TEM , x 4000 
220 
221 
222 ,22) 
224 
225,226 
- xvi-
LIST OF FIGURES (Continued) 
8.37 
8. 38 
8 .39 
8 . 40 
9.1 
9.2 
9-3 
9. 4 
Rel ationship between First and Second Trans-
formation Temperatures (start), and Cooling Time 
(1100/8oooc) 
Ibid : (800/500°C) 
Ibid : (1100/500°C) 
Weld Metal Solidification Cracking Path Related 
to Secondary .. Microstructure. Nital 
Oscillation Set (Schemat ic) . The Solenoid Actuates 
on the Welding Wire 
Special Shoe for the Oscillations set . See Figure 9. 1 
Solidification Macrostructure (Centreline) . SASPA, 
x 50. (a) 0° Groove Angle, (b) 120° Groove Angle 
Solidification Macrostructure (Centreline) . Sp. 
Q674 S4 C5 , Cold Wire Additi on. SASPA, x 50 
Solidification Macrostructure . Sp. Q674 S4 01 . Wire 
Oscillation. SASPA (a) Transverse Section, x 25 
(b ) Transverse Section, x 50 
(c) Longitudinal Section, x 50 
(T) - Top, (B) - Bottom 
Page 
227 
228 
229 
230 
241 
242 
243 
244 
244,245 
"'· 
- 1-
1. INTRODUCTION 
• 
The historical launching at Richborough (UK) of the ' Ac 1320 ' , 
the first all- welded barge , on 11th June, 1918 , established the begin-
ning of a new era I 1 1. She had only 240 tons dead- weight but was, 
for her time, an engineering achievement and , we have to recognise , 
an act of courage . 
Sixty- three years after the floating of the ' Ac 1320 ' and much 
experience in this field , the constr uction of the 1Trident ' nuclear 
submarine in the USA, perhaps one of the most advanced pieces of welding 
engineering on earth, was delayed several months and 2 . 6 million dollars 
were spent on weld repairs only I 2 1. 
There is , as a consequence , widespread concern as regards the 
weldability of steels which have a r ange of critical applications, 
such as the High Yield Strength Quenched and Tempered HY100 and Q2N. 
An earlier exploratory study I 3 I on hydrogen induced cracking 
had shown that the two base steels (HY100 and Q2N) have a relativel y 
good resistance to this defect both in the HAZ and weld metal . Weld 
solidification cracking , however , showed up as a worse problem. 
The main objective of this work was , therefore, to study the 
solidification cracking of High Yield Strength Q & T steel s , paying 
attention to non- compositional factors such as the weld bead geometry , 
base metals stress state , solidification macrostructure , dendrite size , 
flux type (some of them neglected in previous studies), as well as 
compositional factors , and ways to overcome this defect . 
The experimental work was carried out on submer ged are welds of 
Q2N and HY100 steels , and also there were examined the welds secondary 
microstructure, weld t hermal cycles ' in situ ' measurements , and all- weld 
metal mechanical properties •. 
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2. HIGH YIELD STRENGTH QUENCHED AND TEMPERED STEELS 
2 . 1 Outline of their development 
The development of High Yield (HY) strength Quenched and Tempered 
(Q & T) steels is well doc~mented I 4- 6 I for example . 
Before, however , we must bear in mind the primary objectives of 
their development . Primarily the materials i n question were only in-
tended for submarines operating in a ' marine environment ', bringing 
all its chemical complexity and resultant corrosive consequences; the 
wide range of temperatures , from the poles to the equator, and the 
hydrostatic external pressnre associated with the depths at which this 
pressure vessel is operating. By operational demands , the materials 
employed in these structures must have inherently high Yield Strength 
(YS) , good notch toughness and relatively stable physical properties in 
a wide range of temperatures (often - 34oc to +500C) . Also desirable is 
a high modulus of elasticity (due to the typical cylindrical configuration 
of the structure) to prevent premature instability failure, low density 
and resistance to low- cycle fatigue I 5 1. Moreover , the material should 
be easily fabricated, readily avail able and possess good weldability. 
Later , the concept was extended and the modern HY Q & T steels are 
now candidates for nuclear reactor vessels I 7 I and offshore structures 
I 8 1. Thus , new challenges for these responses to different environ-
ments were raised , mainly neutron irradiation embrittlement and stress 
corrosion cracking (SCC) in the presence of H2s. 
In the UK the early 1950s saw the birth of the grain refined (A1), 
Mn- Mo normalised and tempered steel UXW (Underwater, eXplosive, Weldable). 
The high carbon content of this steel and thus weldability problems , 
soon made it replaced by the lower carbon , Q & T version QT28, guaranteeing 
a YS of 430Nimm2 . However , the ·need for a higher strength material to 
use in the hulls of nuclear submarines, pressed the MoD to design a new 
steel . A detailed study of the available steels was initiated, and 
finally in 1957 the QT35 steel v1as developed. It resulted from nickel 
aàditions to a Q & T Mn , Cr, Mo , V steel with minimum YS of 555Nimm2. 
This steel was first produced by the basic open hearth process , and · 
silicon killed. In 1966 the practice was changed to an electric furnace 
technique and primary deoxidation was by aluminium. After an extensive 
use of this steel in the UK, lamellar tearing in tee-butt joints was 
d~tected by ultrasonic examination. Then, at the end of 1965 it was 
replaced by HY80, an American steel whose first specification was drawn 
up in the USA in 1951 (see below). 
The MoD then decided to have a similar (and perhaps better) steel 
to the HY80 and the specification for Navy Q1 (Q1N) vias drawn up in 
January 1968 I 9 1. The Q1N is produced by basic electric furnace 
melting practice, the primary deoxidation is made by aluminium, followed 
by vacuum treatment . The required mef.1anical properties are obtained 
by Q & T. 
Between the HY80 and the Q1N steels there are , however, at least 
three noticeable differences: the Q1N has to be tougher than the HY80; 
the maximum allowable sulphur and phosphorous content must ~ lower, 
and the specification calls for inclusion counts~ The steel being 
designed to have its YS in the range 550- 655Nimm • 
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In the USA , a first specification for the HY80 steel was drawn up 
in 1951 , as we have already said above . It toa carne from a compl icated 
and not less empirical way. After failing to reach the proposed rnech-
anical properties , using modified versions of available High Tensile 
Steels (HTS), the US Navy researchers turned back more than a half century 
and found a basi~ idea in another kind of steel, produced by a different 
' school ' of metallurgy. The KRUPP 3 - 5o/~i , 1 . 5o/~r Q & T steel (developed 
in 1894), with good toughness and intended for arrnour purposes was chosen 
as a starting point . Modifications in the carbon and nickel content 
and addition of molybdenum led to the low- carbon Special Treatment Steel 
(STS), which was ' the forerunner of t hat which is now known as HY80 
steel' I 5 1. This steel can be made by either open hearth or electri c 
furnace process , fully killed and grain refined using aluminium. The 
mechanical properties ( minimum 550Nimm2 or 80,000 psi YS) are obtained 
by Q & T, wi th speci-fication calling for not less than 800;6 o f martensi te 
at rnid thickness of a plate. 
As it could be expected, during 1962 , a specification for a minimum 
690Nimm2 (100 , 000 psi) YS steel was released in the USA, based on the 
HY80 composition, but with higher nickel and carbon. The British , in 
counterpart , developed their steel in 1968 , sÍ.milar to the Americans , 
but again having a specification that calls for an inclusion count, 
showing greater care for the steel cleanness . Beth steels are kno\'m 
as HY100 and Q2N respectively and are the subject of the present study. 
HY100 is usually melted in electric are furnaces, fully killed, and vacuum 
degassing is frequently employed to improve cleanliness. Q2N is under-
s tood to be melted by basic electric furnace practice , deoxidation made 
by aluminium and always vacuum degassed , with inclusion (sulphides and 
oxides) shape control . 
The development of neH steels , of course , did not stop at this point , 
continuing in the USA with the HY s eries (HY130, HY150 , HY180 , etc) . 
Chemical analyses and mechanical properties of Q1N and HY80 steels 
are found on Tables 2 . 1 (a,b), while for Q2N and HY100 the author thought 
it to be more meaningful to place them in Section 6, together with the 
actual materials on which this work Has based (Table 6 . 1) . So, at this 
point, it i s possible to have some idea about the history of the develop-
ment of the HY Q & T steels. It is clear that it was based on empirieal 
knowledge rather than on systematic scientific research . However , from 
the HY100IQ2N steels on , the scientific methodology began to be applied 
I 101. I t was essentially helped by the development of the modern 
steelmaking practice I 11 , 12 I, anda better understanding of its 
principles I 13 1. 
2. 2 Metallurgy 
It is not the aim of this \o/Ork to go into detailed discussion of 
steel manufacture . The objective is only to point out its implications 
on the properties of the final product , and for that we need to under -
stand the various steps in the production of the steels \ote are present ly 
handling . 
Their properties began. to be defined well before the melting of 
the raw material. The use of scrap , mainly in electric furnace steel -
making, with the recycling and residuals make the point . Recently , a 
review of the situation in the USA was published by STE~SON I 14 1. 
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The residual elements were defined as those : (a) not efficiently removed 
from the liquid metal in steelmaking and may therefore build up to 
relative~y high levels with continued recycling, and (b) which signifi-
cantly affect certain critical properties of steelat residual concentr~+ions 
of a few tenths of a percent. The same author quotes DUCKErl' I 15 I as 
saying that the element tin will approach limiting values after just four 
or five recycling operations. 
Great care rnust be taken about the influence of residuals on the 
processing of the wrought steel , as ' surface hot shortness' or ' adherent 
scale' as well as on the final product, as strength, ductility, formability , 
impacf resistance and weldability . 
The selected process for making the steel will decide the alloying 
and deoxidr.tion pra~tices . In their turn, amounts of oxygen, hydrogen 
and nitrogen , as well as shape and amount of second phase particles will 
be affected. For example, basic oxygen steel is lower in residual con-
tent than that from conventional open- hearth, giving a product with 
better properties . The use of secondary steelmaking processes will 
bring a series of advantages I 12 I such as : to remove hydrogen from the 
steels ; to improve its mechanical properties; to achieve close control 
over compositional limits ; to produce low sulphur steel; to improve 
the cleanliness of the steel , and so on. Much improvement can be reached 
through vacuum degassing of steel and treatment of it in the ladle, 
today ' s low level for gases being typically I 11 I 0 .00?~ oxygen and 
. 00015% hydrogen. Nitrogen can be managed to stay in an amount compatible 
with the nitrides desired , as well as other interstitials, like carbon 
and boron. Fi gure 2 .1 gives us the enthalpies of formation of those 
precipitates, being a guide to their formation. The several mechanisms 
by which steels can be strengthened are relatively well known I see for 
example , 16 I, and the way by which the inter-relationship among the 
chemical elements can affect the pursued properties are better kno,,m 
I 13 I . D:rspi te this, much more yet is unknown, and a great degree 
of uncertainty still persists when one has to design such an alloy. 
For until today there is not (mathematically speaking) , an exact ' law' 
(if it actually exists) that rules this relationship between elements 
andthe resultant properties . Therefore, the following three points , 
even today, are held I 17 I : 
(a) The effect of an alloying element on properties is 
not necessarily proportional to the amount present . 
(b) The effect of an alloying element on properties may 
be altered by the presence of another alloying element . 
(c) The role of an alloying element may be different in a 
different phase in an alloy. 
As an additional complication, there are the second phase particles , 
which will affect the steel ' s properties, mainly toughness, through 
thei r shape, size and distribution . The plasticity , thus the shape 
of these inclusions , can be controlled up to a certain point, after the 
steel deoxidation, by small additions of elements such as the rare 
earths , titanium, zirconium or calcium. All these methods were ex-
cellently reviewed by PICKERING et alI 18 I, with McLEAN and KAY I 19 I 
giving us a reasonable picture of the principles that control their 
formation . WILSON I 20 / specifically showed the beneficial effects 
1":.· 
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of sulphide control to reduce heat- affected zone cracking in welds and 
to improve base metal toughness. Figure 2 . 2 shows the effect of second 
phase particles on total ductility I 13 I, but the influence of their 
shape is very important and must be remembered , despite the difficulty of 
assessment I 20 1. 
In the steels studied here, carbon is still by far the most important 
element, so their solidification generally follows the behaviour described 
by the carbon- iron equilibrium diagram (more correctly, by the Fe3 C- Fe 
diagram) I 21 I as shown in Figure 2 . 3 I 22 1. In this figure , ~wo 
lines were drawn up showing 0. 17r~ for Q2N and 0.21r~ for }IT100, which 
represent the content of carbon for the actual steels studied in this 
work. Furthermore, Figure 2 . 4 I 22 I shows the liquidus projection for 
the Fe-Ni- Cr system, which are the elements in greatest amount in our 
two steels. Both ~teels should be placed at the l eft bottom corner of 
this diagram, by their chemical composition. The~e figures help us to 
forro an idea about the structures found after the solidification. Thus, 
for these kinds of steel, the solidification transformations are: 
Liquidus (L) ~ ô dendrite (solid) + L 
ô + L ~L + y + L (probably peritecticô + L~ y for Q2N 
steel) 
ô + y + L 
The difficulty with these steels resides in the fact that a solidified 
structure can contain a residual eutectic between the dendrites I 21 I, 
depending on the amount of impurities . At slower cooling rates the amount 
of austenite will probably be reduced . Furthermore, the sulphur-iron 
and phosphorus- iron diagrams I 22 I show that the solubility of S and P 
in delta iron are respectively 0 . 18% and 2 . 8% while those in gamma iron 
are 0 .05% and 0 . 3%. Therefore, the more solidified gamma phase produced 
in liquid iron , the more the segregation \olill be at solidified grain 
boundaries (dendrites) . 
It is knO\·rn that the solidification macrostructure of a steel ingot 
dísplays, in general, three structural zones I 23 I, namely, chill, 
columnar and equiaxed. The resulting macrosegregation is shown in 
Figure 2 . 5 I 24 1. The ' banding ' phenomenon, or abrupt variations in 
composition, is not completely clear . It may result from the sweeping 
of solute from behind the dendrites tips , or due to thermal pulses 
from convection I 25 1. The dendritic structure is usually continuous 
through the segregated section, appearing on macroetching only because 
of local changes in composition I 24 I . The similarity with the 'banding ' 
found in weld sections is remarkable, and we shall come back to this 
point later (Chapter 3) . FLEMINGS I 24 I showed that the original 
solidification macrostructure above can be profoundly altered by means 
such as rotation during the pouring, so giving much more homogeneous 
ingots and different macrostructures with better properties . 
The studies of KATTAMIS and FLEMINGS I 26 I pointed out that in 
.. 
the columnar structure of l0\'1-alloy steel ingots can be found mi crosegre-
gation across dendrite arm and interdendritic spaces (in the as-cast 
condi tion) . The electron !ilicroprobe was able to detect at least heavy 
Ni, Cr and Mn variations . The same FLEMINGS I 25 I gives many examples 
of the strong relationship between theprimary dendrite arm spacing and 
solidification cooling rate (being smaller for higher cooling rates) . 
In general, the elements diffusion coefficients·areatleast one order of magnitude 
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smaller in the gamma- iron than the alpha iron. The solubilities of 
carbon in gamma and alpha iron are wellknown, while nitrogen changes 
from 2 . 8% at 650°C to less than 0 . 001% at 20°C . The carbides and 
nitrides of tfu , Ti and V are much more stable than is iron carbide 
(Figure 2 . 1) , thus combining preferentially with carbon. Consequently , 
cementite will form only when the carbon concentration exceeds that 
needed for the micro- alloying elements I 27 1. Figure 2 . 6 I 28 l ' shows 
the solubility products of carbides and nitrides in austenite as a 
function of temperature (as we quoted this relationship is wt% and not 
in ats%, as it usually is , the solubility product is defined as wt% 
solute times w~fo carbon or nitrogen). This figure helps us to under-
stand how to employ these carbonitrides. In small amounts and well 
dosed , carbon and nitrogen can form a relatively large amount of carbon-
nitride 'which can retard recrystallization and grain growth of austenite . 
Aluminium nitride, too, is an effective grain refiner . However , very 
fine precipitates do not seem to be able to prevent the grain boundary 
movement once the recrystallization takes place . Coarser particles 
(greater than 500A) are needed to retard grain growth of austentite. 
The final procedure for quenching- and-tempering , specifically for 
the steels studied in this viork, is left to the steel manufacturer I 5 I 
but two limitations are imposed by MIL- S- 16216: the final temperature 
shall not be less than 593°C for the HY100 and the macrostructure at 
mid thickness of the plate must contain not less than 800fo martensite . 
The tempering of martensite at this temperature will tri gger the 
formation of alloy carbonitrides, and the time at the temperature will 
decide their amount , size, distribution and shape. 
2 . 3 Mechanicallmetallurgical properties 
The precise Continuous Cooling Transformation (CCT) diagram for 
the steels HY100 or Q2N is not available . Nevertheless , it is useful 
to have some idea of i ts shape , and the diagrams of two similar steels 
(GY80 and HY130) will give us an approximation. Figure 2 . 7 (a,b ), 
shovrs the CCT for RY80 I 29 I , while in Figure 2 . 8 we can find another 
one for the HY130 s teel, as determined by high speed dilatometry I 30 1. 
The Ms t emperature in both cases is around 370°C and it will stay in 
this neighbourhood for our steels . Another point of interest is that 
the ' nose ' of the curve is well displaced to the right, due to the 
alloying, . leaving relatively sufficient time for .. the martensite reaction 
to occur. This fact is very important if we consider the quenching of 
thick plates . In Figure 2 . 7(a) the cooling curves are from a weld 
thermal cycle having peak temperature of 1315°C (2400°F) , 149°C (300°F) 
preheat in 25. 4 mm (1 in) steel plate . The respevtive energy inputs 
were (as on each curve): 5 . 8 Jlmm (150kJiin), 3 . 8kJimm (100kJiin) and 
1. 9kJimm (50kJiin) . Perhaps a better compari son can be made with 
Figure 2.8 if we look at Fi gure 2 . 7b , for the plate thickness is the 
same and probably the same system was utilized for both tests. Despite 
the higher alloying of HY130 (but sm~ler carbon content), for similar 
cooling rates this s t eel shows less hardness than the HY80 (see Figures) . 
The effect of tempering temperature on yield strength, ultirnate 
tensile strength and hardness of ASTMA 543 class 2 is shown in Figure 
2 . 9 . I 31 1. The YS and UTS begin to fall around 482°C (900°F), 
while hardness rises, as a probable consequence of secondary hardening 
effect . 
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Hot ductility tests at rapid heat i ng and cooling are available for 
QT35 and HY80 steels , andas we shall come back to it later (Chapter 4), 
we just show the results in Figure 2.10 I 32 1. There is a clear 
difference between both steels related to duct i lity at high temperature 
( around 11 00°C) • 
Figure 2 . 11 shows I 33 I how the time-temperature combination on 
stress-relieving treatment can cause appreciable decreases in toughness 
i n both HY100 and HY 130 steels . 
In Figure 2 . 12 can be seen the relationships between the Fracture-
Appearance Transition Temperature (FATT ) at 50% crystallinity, UTS, YS 
and tempering temperatures . This figure is typical for HY steels and 
the de.ta · .. rere collected by YORKE I -34 I . 
Fatigure test yields are of the most concern for designers. 
Figure 2 . 13 shows the SN curve for three parent HY steels , while in 
Figure 2 . 14 the fatigue test 'lias carried out for three butt welds I 35 I · 
The weldments on HY80 and HY100 steels were made by manual shiel ded 
metal- are, while those on HY130 by gas metal- are weld. 
The effect of test temperature on the place- strain f racture tough-
ness can be assessed t hrough Figure 2 . 16 I 36 I, with the ASTM A517 
steel being a comparison material . 
The corrosion susceptibility of the steels can be shown by Figure 
2 . 16 (a , b , c) I 37 1. The average metal l oss ( inl1000) in marine 
environrnents through the years is quite different for the weldmetal (a), 
HAZ (b) and parent metal (c). 
The susceptibility to stress corrosi on cracking (SCC) in the 
presence o f H2S of these steels is still subject to controversy I 38 1. 
The studies of irradiation effects on these steels indicate the 
care to be taken wi th impurities and relat ively small additions of 
elements . Figure 2 . 17 I 39 I shows the effect of test temperature, 
neutron fluences (as indicated along the lines ), and copper content on 
YS on an ASTM A543 class 1 steel , and its submerged are (SIA) welds. 
' Neutron fluence ' is the product of t he neutron dose rate and the irrad-
iation time in units of neutronlcm2. Not ice the strong effect of a small 
difference in copper content . 
Still on neutron irradiation , Figure 2 .18 I 40 I shows the effect 
of it on impact strength of type HY80 steel. The displacement to the 
right of the irradiate samples is clear . A broad picture i s given by 
Figure 2 . 19 I 41 I where a large number of steels have their transition 
temperatures increased with irradiation. Notice that the trend is 
followed by all steels. Hovtever , the influence of i nradia tion on many 
metallurgical factors such as microstructures , i s not perfectl y clear, 
and generalisations must be avoided. 
Costs are, of course , a matter of concern in all kinds of societies . 
For specific use in submarines the problem is critical and , for example , 
WEEKS I 42 I pointed out that : 1 (submarines ) with the high standard 
needed, the fabrication price is four times the basic cost of the steel '; 
a:ld :lgain , in Discussion on Section III o f the same Conference: 1 the 
8 
MoD pays around three times more per ton of steel than a normal buyer '. 
Clearly this is a direct consequence of the high standard needed. 
2 . 4 Summary 
In this introductory chapter we reviewed the development , metallurgy 
and mechanical/metallurgical properties of High Yield Strength Q & T · 
Steels. The first materials were naturally a product of empirical steel 
making evolution. Their application , initially directed to submarines 
only, nowadays , places them among the candidates for nuclear pressure 
vessels and offshore structures. Thus, to the requirements of High 
Yield strength , very good notch toughness, stable physical properties 
in a wide range of temperatures , high modulus of elasticity, low density 
and good resistance to low- cycle fatigure, there were added good resistance 
to neutron irradiation embrittlement and stress corrosion cracking in 
the presence of H2s. 
Due to the relatively low alloying level of these steels , their 
solidification still follows that described by the carbon-iron equilibrium 
diagram. However , mainly due to the alloying el ements nickel, chromium 
and manganese , and to impurities like sulphur and phosphorus , there is a 
real danger of high segregation at the dendrite boundaries . 
Through complex steelmaking and rolling practices , the necessary 
low impurities level and inclusions control are obtained . The final 
properties are achieved by an elaborate heat treatment, aimed to produce 
low carbon t empered martensite and a suitable amount of distribution of 
carbonitrides . 
There are available many mechanical/metallurgical properties for 
this class of steels , like Continuous Cooling Transformation (CCT) 
diagram , hot brittleness tests, toughness , fatigue, irradiation effects, 
and so on. However , it is surprising that few of them were made actually 
on the Q2N steel , and some important ones are missing for the HY100 
steel, e . g . CCT diagram. 
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TABLE 2 . l(a) - Cllemical Composition and Mechnnicnl Properties Specificntion 
for HY 80 Stecl Plates (froll MIL-S-16216G Ships). I 6 I 
Chcmic:rl co:·npos ition 
Elcmcut 
C:t r bon 
Phosphorus 
Sulphur 
Silicon 
Nickcl 
Chromium 
J,Jolybdcnum 
Residual clcmcnts 
Titaníum 
Vanadium 
S + P < O. OtiS% 
Tcn:;ilc pt·opcrtics 
Ti1ir.kncss range 
nun (in.} 
L (lSS than lti (0. 625) 
lG (O. ti25) and 
O\'C r 
lmpact p ropcrtlcs 
Per ccnt 
Not lcss than 
o. 10 
O. 15 
2.00 
1.00 
0.20 
0.2 per ccut proof s trcss, 
N/mm2 (tons/in2) 
1\linlmum Maxlmum 
550 (35. 5} 690 (H. 5} 
F.longation on 50mm (2in, l 
gaugc lcngth , % 
l\linimum 
19 
550 (35. 5) 650 (·12. 5) 20 
i. ~.llnimum cncrgy nbsorptíon ÍJI Ch:lrpy V notch test 
Platc 11. 5mm (0. 5in.) to 50mm (2. O in.) incl. G8J (50ft lb) at -8•1oc 
Not more than 
o. 18 
o. ·lú 
0.025 
0.025 
0.35 
3.25 
1. 80 
o. 60 
0.02 
ú.02 
o. 25 
Hcduction in 
arca, % 
Mi.llimum 
55 lon~iludina l 
50 t\':Ul!:lVCl'SC 
No sin~lc spccimcn < 61J ('15ftlb) 
Platc OVCI' 50mm (2. O in.) 
-liJ (30ft lb) at - 84°C 
No single spccin~rn < 34J (25ft lb) 
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TABLE 2 . l (b) - Cheruicn l Coruposi t i on and Mechnni cnl Properti es Spec i:!icntion 
! oo Nnvy Ql Stoel Plates ( !rom DG . Shi ps 70.Jan , 1968). 1 6 /. 
Chcmical ~ou~,osiUca 
F. lcme:nt 
Car~un 
l\lang:lncsc 
Phosphonts 
Sulphur 
Silicon 
Nickcl 
Cln·om iu m 
l\1olybclcnum 
Residual clcmcnts 
Titanium 
V :m :H li um 
Coppcr 
Arscnic 
Antimony 
Lend 
Nitrogcn 
T i n 
S + P < O. 025% 
Pct· ccnl 
Not Lcss than 
O. 10 
o. 15 
2.25 
1. 00 
o. 20 
Not more 
o. 18 
0.40 
0.015 
0.015 
O. JS 
3.25 
l. 80 
O. GO 
0.02 
o. 02 
0.20 
o. 03 
0.005 
0.002 
o. 010 
o. 02 
than 
Thiclmcss range 
mm (in.) 
O. 2 per ccnt pt·oof st:·cs!:, 
N/mm2 ~l0ns/in2) 
Elon~~tlou on 50mm (2in.) 
~;nugc lcngth, % 
R~c!uction lu 
arca, % 
l\linimum l\1nximum Minimum Minimurn 
Lcss lhan lG (0. 625) 
16 (0. 625) and 
O\"C r 
550 (35. 5) 
550 (35. 5) 
Q;_ 2% proof strcss < o. 88 
tcnsllc strcn~h 
.!_Jnp:u.:t proj'crtícs 
6!)0 (44. 5) 20 
650 (<:.2. 5) 20 
i\iinimum encrgy absorpt ion in Charpy V notch test 
P late up to 57.mm ~2. 25ln.) incl. 
Plate ovcr 57mm í2. 25in. ) 
il Cry:;t:tllinity < 50% 
102J (73ft lb) at -l'J4°C 
55 longitudinal 
50 transve rsc 
No :;in(;! e spcclrncn < SSJ (65ft lb) 
68J (50ft lbJ at -s4°c 
No s ingle spccimen < 5-lJ (40ft lb) 
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Figure 2 . 1 - Enthalpies · of Formation of Carbides , Nitrides 
and Borides I 28 I 
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3. WELD MErAL SOLIDIFICATION PRINCIPLES 
3. 1 Introduction 
, The understanding of weld metal solidification mechanisms is of 
fundame~tal importance, not only for the scientist interested on welding , 
but for the practising engineer as well . At this stage of its existence 
many weld metal propert i es are decided, some of them irreversioly. 
In spite of much effort developed by groups all around the world in 
the last twenty years or so, up to this date there is neither a completely 
finished theory about the subject nor are some very basic principles 
universally accepted . This reflects the problem ' s complexity and in-
herent diffículties involves in its ' in situ ' observation. 
Also , it can be due to the fact that , even nowadays, it is not broadly 
recognised that it wou.ld be much more profitable to the understanding of 
weld sol idification if it is seen as a particular case of the general 
solidification process. Thus there is a departure from general ' lav/s ' 
to much more limited ones. Throughout this process perhaps the estab-
lishment of boundaries is the largest problem. 
Firstly, all general solidification theory principles are applied 
to the weld metal . Certainly, there will be a number of them which are 
not suitable for some cases. Together wi th those principles which 
proved to be useful , the boundary demarcati on is done. 
This process of boundary demarcation is still going on , and depends 
on the number of experiments being made worldwide to test them. 
The relevance of the solidification mechanism to weld metal solidi-
fication cracking is very great . Any alloy has a solidificati on temp-
erature range and each solute exhibits different solubilities in the 
liquid and solid phases . As the cooling through this solidification 
range proceeds, the solute rejects into the liquid forming an enriched 
solute layer resulting in microsegregation. Depending on shape, amount 
-and type of the segregated solute and the stress magnitude acting at 
that layer, the result can be solidification cracking (Chapter 4) . 
3. 2 General solidification theory 
3. 2.1 Solute segregation : fundamentals 
The general solidification theory really advanced during the 1950s 
due to TILLER and co-workers 143 - 46 I and CHALMERS , summarised in 
his book I 23 1. Thus , the following lines are based on these works, 
excluding si tuations of obvious no relevance for the welding condi tion. 
Considera crucible with a liquid binary al loy freezing~rom one 
end and the solid growing with a plane front of solidification, as shovm 
in Figure 3 . 1 (a), and its schematic phase diagram in Figure 3 . 1 (b) . 
It .is convenient to relate the liquidus and solidus concentration 
at a given temperature by an average distribution coefficient K for an 
alloy of solute composition C0 • Thus 
K = C/C (Eqo3o1) 
L 
where 
= 
= 
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equilibriurn concentration of the solid phase 
equilibrium concentration of t he liquid phase 
At any specific ternperature, an equilibrium distribution coefficient 
is defined as K for that ternperature . 
o 
Figure 3 . 1 (b) shm-1s a phase diagram with K <1, or for alloys in 
which the solute solubility in the solid is less than in the liquid. 
If K>1 the contrary happens , or the solute solubility in the liquid 
is less t han in the solid. The reasoning , however, is the same for 
both cases. 
In rnost cases of practical solidification the diffusion is limited 
in the liquid and there is no convection • . Furthermore, as a purely 
mathematical simplification, K is taken as constant I 43 1. 
The initial material to solidify has a composition KC0 and the 
solute rejected into ~he liquid by diffusion forrns an enriched boundary 
layer . In general (and this is also valid for welding) , the rate of 
advance of the planar solid- l i quid interface is f aster than the rate 
of di ffusion in the liquid, and t here is not sufficient time for the 
solute to distribute throughout t he remainder of the liquid. Therefore , 
this boundary l ayer graduall y i ncreases in solute until a steady state 
solute distribution is reached , as shown in Ft3ure 3 . 1 (c) . TILLER 
et al I 43, 44 I have shown that the solute concentration in the liquid 
(CL) falls off from Cofk , and at a distance X from the interface into 
the liquid it is: 
vlhere 
CL = C
0
' {1 + 1- K EXP ( - XRID) } 
K 
(Eq. 3. 2) 
R = rate of interface movement (assumed to be constant) 
D = diffusion coefficient for the solute in the melt 
At relative large 
Furthermore , the ratio 
for it i s the distance 
the maxi mum (Co/K- C0 ), 
values of X the liquid concentration equals C • 
DIRK is considered a 1characteristics distanc~ ' , 
at which the quantity (Cr - ·C0 ) falls to 1le of 
where 'e' is the exponential value . 
by 
The i ni tial transient , as shovm in Figure 3 .1 (d ) is obtained I 44 I 
c8 (X) = Co ' { 1 + ERF ( (XRID Y~/2 ) + 2 
(2K- 1 )EXP (-.K(1 - K) (XR/D)) ERF ( 2K- 1 (XRID)'~ ) } 2 
(Eq. 3 . 3(a)) 
Thi s equation can be appr oximated to : 
CS = C0 ' { 1-(1- K)EXP(- KXRID) } (Eq. 3 . 3(b)) 
'*' 
with a maximum error of about 20%:/ 44 1. 
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For small K values a characteristic distance for the length of this 
transient state is (1-1le) of its maximum , or 6~~ of its steady state 
value I 25 1. 
The terminal solidification transient can be seen in Figure 3.1 (d) . 
The solute · concentration increases continuously from C to the maximum , 
o through 
CS =Co {1 + 3 (11 -+KK)EXP(- 2XRID) + 5(1 - K)(2- K) EXP(- 6XRID) {·1+KX2+K) 
(2n- 1) ( 1- K)(2- K) ••• (n- K)EXP(-n(n+1)(XRID)} + (1+K) (2+K) ••• (n+K) 
+ • •••• 
(Eq. 3 . 4) 
The general importance of this solute build- up must be well under-
stood. The average value for the elements diffusion coefficient (D)' 
in l iquid iron is 5 x 10- 3 mm21s I 23 1. For a typical value of K=0. 1 
in iron (see I 46 I), and considering a grovrth rate r = 10- l mm/s , the 
initial solidification transient distance will be given by 
X = DIKR = 0. 5 mm 
and the concentration at the i nterface will be 10 times the initial one. 
Another case of inter est is that in which a sudden change in the 
solidification rate (R) occurs. It was demonstrated I 44 I that there 
will exist a transient rise in the liquid concentration near the inter-
face . Thus , after the solidification has been completed the sol id will 
show this solute- rich band. 
3 . 2 . 2 Constitutional supercool ing 
In the previous di scussion we have seen that a solute-rich boundary 
layer forms in front of a pl anar interface . CHALMERS and associates 
I 23 , 43 I demonstrated how this solute build-up could lead to instabili ty 
of this plane front . 
Equation 3 . 2 describes the liquid composition of an al loy. Thus , 
every point in the liquid ahead of the interface has a definite liquidus 
temperature as given by the equilibrium diagram of Figure 3 . 1 (b) . 
As TILLER I 46 I says : " this is the temperatur e at which the liquid 
would like to freeze" . The actual temperature distribution is largely 
determined , however , by the t emperature gradient . Figure 3 . 2 (a) 
shows the solute enriched layer in front of the interface and Figure 3 . 2 (b) 
the ' actual ' and ' equilibrium ' l iquidus temperature . Thus , the liquid 
at temperatures below the liquidus is said to be ' constitutionally 
supercooled ' • 
The local variation in the l iquid temperature ahead of the interface 
due to this solute segregation i s given by: 
(c C ) T T Co(1- K) EXP(- XRID) ~ L - O = L - S = ~ K (Eq. 3 . 5) 
where 
= slope of t he liquidus line 
= melting temperature of the solvent 
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If the actual temperature gradient in the liquid is given by G1 (or dTr/dX e.t X=O) , then the planar interface will stable if: 
> - mr, C0 (1 -K) 
DK = 
where ~ T is the mel ting range at the composi tion C • 
o 
(Eq.3. 6) 
In other words , when GL is less than dT11dX at X=O , then the melt 
temperature locally falls bel ow the freezing temperatures (for some 
composition) and nucleat i on of solid occurs in the liquid ahead of the 
interface . 
As the extent of constitutional supercooling increases and the GtfR 
ratio deviates from the criti~al value of equation 3.6, different sol~di­
fication structures form, viz : cellular, cellular-dendritic, dendritic 
and equiaxed , which we shall di scuss in the next section, related 
speci fically to welding process. 
To maintain coherence , \>te should now describe mathematically each 
one of the above solidification structures. However, there are not , 
up to this date, rigorous theories describing their evolution. 
It is of much more interest to understand that, in general, the 
extent of constitutional supercooling for a given alloy depends upon 
the temperature gradi ent in t he liqui d G, and the growth rate R, as 
Figure 3.3 shows. This figure permits the analysis of four situations, 
as regards these two factors . Thus, considering initially G1 and R1, 
there is practically no constitutional supercooling . If the growth 
rate increased to R2 (and G1 is maintained), the extent of this phenomenon 
i s very large, as well as the possibility to have one of tee structures 
above quoted . On the other hand , increasing the temperature gradient 
to G2 (no\>t maintaining R1) leads to a plane interface . Now , let us 
consider G2 and R2 , a combination which shows some constitutional super-
cooling. Decreasing the temperature gradient to G1 (keeping R2 constant) 
only increases it , while maintaining G2 and decreasing the growth rate 
to R1 makes possible to have again , a planar interface . 
3. 2.3 Microsegregation and chemical reaction effects 
Microsegregation in the liquid ahead of the solidification front 
brings about many effects . We have to bear in mind that all elements 
with distribution coefficient (K) less than one have their solute solu-
bility in the solid less than in the liquid, and the coefficient value 
determines the amount segregated. Also, react i ons may occur and the 
actual amount of some segregated elements will not have the expected value . 
Some of these effects have been investigated and the followi ng lines 
illustrated this point . 
Comparing the effectiveness of Mn , Ti or Zr to form more stable 
sulphides than FeS, TILLER I 46 I pointed out the importance of the 
segr egation level f or the same initial concentrations . For in spite 
of the fact that Ti or Zr might form more stable sulphides t han Mn, the 
latter segregates about 10 times more at the grain boundary than the 
former . Thus , Mn acts much more effectively for a same initial concentration 
~· 
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in the melt and this is related to its much smaller distribution co-
efficient K. As regards the important relationship between the amounts 
of Mn and S , in Chapter 4 (Section 4.3.1) we will see a theory which 
modi fies the wellknown Mn/S ratio , based on their different distribution 
coefficient and other considerations on solidification principles . 
A very inportant point related to the deoxidation reactions effects 
on microsegregation was first introduced by TURKDOGAN I 47 1. As there 
is a strong interaction between dissolved oxygen and impurities in liquid 
steel, reac tions of the deoxidation type were considered. Based on 
normal solidification theories , this author plotted the solute enricfiment 
of C, Mn, Si and O in iron , supposing no reactions between them. As 
expected , there is an overall build- up of all elements as solidification 
proceeds . However , as reactions between these elements with oxygen 
are considered , the .final l evel of this latter element will be much l ess 
than that expected. Furthermore , practical evidence suggests that these 
reactions really happen. 
Finally, carbides also will be affected by the solidifi cati on con-
ditions . The relative stability of the various carbides given by their 
free energies of formation are not enough to understand their behaviour, 
as shown by BHAMBRI et al I 48 I and FERNANDEZ et alI 49 I , for example . 
These authors, among other f acts , have shown that some carbides do not 
melt or are segregated at slower growth rates than other solutes. The 
importance of these studies , we think, does not need to be overemphasised, 
for some aspects were seen in Chapter 2 and others will be seen in t he 
next Chapter . 
3-3 Weld solidification 
3.3.1 Weld pool : growth and geometry 
The process of nucleation and growth , normally experi enced in cast-
ings , is not usually signifi cant in welds (see below) and therefore , 
will not be discussed here . 
The gr owth mechanism of the solid weld metal occurs by a perfect or 
near- perfect wetting, depending upon some chemicallmetallurgical aspects 
of the metals invol ved . Furthermore , liquid metal solidifies from the 
solid substrate provided by the base metal, and the grains generated in 
the weld metal are continuous across the fusion boundary . So,at this 
stage of solidificat ion , there is no grain boundary between a grain in 
the weld me tal and the corresp~nding grain in the base metal . 
Despite the existence of such a solidifcation process in welds being 
known for some time, as can be seen in the important work of GLADSHTEIN 
I 50 I and other authors I 51 - 54 I, it was SAVAGE and associates I 55 , 
56 I who first explained the existence of an ' epitaxial ' growth on the 
base metal , generating grains in the weld metal having the same crystal-
lographic orientation as the grains in the (partially) unmelted base 
met al. Each crystalline structur.e exhibits a characteristic preferred 
growth direction , being < 100> in bcc and fcc metals. These phenomena 
were fully confirmed through careful X- ray analysis by, among others , 
MATSUDA et alI 57 I and SENDA et alI 58 I , for the most diverse ferrous 
and non- ferrous metals . 
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On average , the solid growth rate R at the traili ng boundary of a 
weld pool tends to grow into the moving pool ( speed V) through the 
following relationship due to TERRY and TYLER I 59 1: 
R = V sin e 
where e = angle between the tangent to the solidus isotherm at this 
point and the line of welding. So far , only one review on this subject 
of v1eld solidification vias published i n Britain I 60 , 61 I . Surprisi ngly , 
it ignores the credit that rnust be given to the work of TERRY and TYLER 
and quotes more recent papers. 
Most researchers , however , prefer to define 0 as the angle between 
the normal to the tangent to the pool at the point considered and the 
welding direction. This gives the s ame relationship in another form : 
R = v cos e (Eq. 3 . 7) 
Thus, the growth of any grain in the weld pool occurs parallel to .. 
the preferred growth direction with the greated resolved component of 
the temperature gradient in the liquid. 
In Figure 3 . 4 is shown schematially two weld pools, with the arrows 
perpendicular to the trailing edge representing the direction of the 
maximum temperature gr adient at various points along the advancing solid-
liquid interface. The different shape reflects the vJelding speed effect , 
for in the elliptical pool (Figure 3 . 4(b) , the maximum growth rate occurs 
at the centreli ne (e= QO) and thus corresponds to the welding speed value . 
However , the maximum rate of latent heat liberation and the minimum rate 
of heat transfer occur s simultaneously at this location. Therefore , to 
hold this heat balance at higher (cri tical) vJelding speeds, the shape 
of the pool must change to a tear drop (Figure 3 . 4 (a)} because the angle 
0 assumes a minimum compatible value greater than 0°. In the elliptical 
shaped pool (Figure 3 . 1. (b))the direction of t he maximum temperature 
gradient changes continually along the trailing edge . Therefore, there 
is a continuous competition among the grains , because at one time one 
has its preferred growth direction aligned with the maximum temperature 
gradient, and at another time another grain has it . On the other hand, 
the tear drop shaped pool (Figure 3 . 4 (a ))does not show as intense a 
competition , because the orientation of the maximum t emperature gradient 
changes by much less . 
The crystallographic effect on the growth rate v1as quantified 
(NAKAGAWA et al. Journal of the Jap. \o/eld. Soe . 39 , 94 , 1970) as 
quoted by GARLAND I 60 I , and the f ormula 3 . 7 i s-modified : 
R = v cos 0 1 c os C e' - e ) (Eq.3. 8) 
where 0 is the angle be t ween the welding direction and the direction of 
preferential crystallographic growth . 
Note that the tear drop shaped weld pool induces the grai ns to 
converge along the weld centreline . Thus, the tendency for entrapment 
of low-melting point solute- enriched l i quid between the solidus - liquidus 
interfaces is highlighted . Also there are special conditions where the 
epitaxial growth does not take place , as LOPER and GREGORY I 62 I have ~· 
shovm welding aluminium. They quote three factor s favouring non- epitaxial 
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growth of essentially single crystals : fine heat- affected zone grain size ; 
high welding speed (such as 850 mmls) ; small weld bead size (around 1 mm 
diameter ) . As we can see these are conditions completely alien to t he 
normal welding practice. 
The spatial weld pool shape has been theoretically studied mainly 
by PROKHOROV I 63 - 65 I based on RYKALIN ' s theory of heat pr opagation 
during welding I 66 1. The important fact pointed out by these studies 
is that they recognise , for the first time as far as we know , the role 
played by the pool geometry. It alters the general form of the equations 
for the heat conduction, whic~ have to adjust themselves to different 
weld pool shapes. In Figure 3 .5 a schematic three-dimensional weld pool 
is seen I 63 1. For butt welding , the length OM of the cooling region 
i n the pool is given by: 
1 Q2 
OM = m À c y V õ 2T (Eq . 3 . 9) 
and the half- \-lidth 
where 
1 ON = -
n 
Q 
Vc y õ T (Eq . 3.10) 
m and n are coefficients of proportionality (dependent of material 
and Q/V) 
Q = power i nput (voltage x current) 
V = weldi ng speed 
À = coefficient of thermal conductivity 
y = materi a l densi t y 
c = specific heat 
õ = plate thickness 
T = melt temperature 
In this model the energy sour ce is in O, and the weld pool is being 
heated ahead and cooled behind NN ' , respectively. 
Another very important research on weld pool solidification and 
shape has been carried out through many years by ISHIZAKI I 67 - 69 1. 
This author departs from different premises , considering interfacial 
tensions acting along the various interfaces in the pool. He demonstrated 
that despite the Young ' s equation being correct for a liquid drop on a 
surface, i t is wrong for a welding pool, for the contact line of mol ten 
metal is supposed always to coincide wi th the solid edge line intersecting 
the solid . This is not, obviously, the welding case . Instead, he 
was able to correlate a solidification angle $ and the liquid phase angle 
0 with the interfacial t ensions y , Ys , Yi as can be seen in Figure 3 .6 
through the following equation : 
y cos $ = y cos 0 
s 
(Eq. 3o11) 
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So, ISHIZAKI I 69 I explains that the rneaning of this equation is : 
' the contact line recedes at great velocity, comparable to the speed 
of heat vibration of atoms , so as to rnake the solidification angle zero 
with the progress of solidification , when the liquid phase angle, e , 
comes close to e s ' where e is t he. characteristic value of e when $ 5 . 
is zero . 
Mechanism.s and medes of solidification 
There are rnany differenc es between the casting and welding solidi-
fication processes . Firstl y , as already rnentioned , nucleation is 
different , for in castings it often occurs through heterogeneous means , 
while in welds it is epitaxial (see Section 3 . 3 . 1) . Also in welds the 
relationship of the -temperature gradient G and the growth rate R stands 
in contrast to normal castings, for maximal growth rates occur in the 
weld centrel ine ~tlhere minimal temperature gradients are encountered and 
vice versa at the fusion boundary . The temperature gradients in welds 
are high and in large submer ged are weld pools they can change from 
110°Cimm at the fusion zone to 20oclmrn at weld centreline I 70 1. 
Moreover, in welds there is the stirring due to the electromagnetic 
Lorentz forces I 71, 72 1. 
Prirnaril y due to the i ntense pool turbulence there is a stagnant 
layer in the l iquid at the advancing solid-liquid interface . Thus , 
within this stagnant l ayer it is possible to consider the (three ) stages 
in solidification referred to in Section 3 . 2. 1 (see equations 3 . 2 to 3 . 4) . 
There is, therefore , a ' microscopic equilibrium ' as SAVAGE I 73 I called 
it ,being possible to estimate the distances that the solid- liquid inter-
face moves during the initial and steady state periods. These are 
1characteristics 1 distances, as ment ioned previousl y in Section 3 . 2. 1 
At the initial traa.sient period 
X = C (DIKR) 
c 
(Eq. 3 . 12) 
and in the steady state 
Xd '; C (DIR) (Eq. 3 . 13 ) 
where C is a constant . At about C=5 the composition of the solid 
approaches to within 1% of C0 • 
Thus , after this point the terminal stage begins , with an increasing 
solute build- up in front of the solid- liquid interface. 
As we have seen (Eq. 3 . 7); 
R = v cose 
Thus, from equations 3 . 12 and 3 . 13 respectively , 
and 
X 
c 
5 DIKVcos e 
5 DIVcos e 
~· 
(Eq. 3 . 14) 
(Eq. 3 . 15) 
- JO -
As the welding speed once selected is holding constant X or Xd 
are determined by the value of e which depends on weld pool ghape 
(see Figure 3 . 4) . Therefore, there are at least three factors continu-
ously changing from the fusion zone inwards the pool : temperature 
gradient , growth rate and solute segregation . Now, in Section 3 . 2. 2 
we have seen how the solute build- up could lead the liquid ahead of the 
solid-liquid interface to be constitutionally supercooled (Figure 3 . 2(b)) , 
depending on the temperature gradient in the liquid G, and the growth 
rate R. Figure 3 -3 illustrates that, in welding, increasing speed will 
increase the growth rate R (Eq -3 . 7) , thus extending the constitutional 
supercool ing. The same effect is observed if energy input is increased, 
for it tends to decrease the temperature gradient . 
These changes in GIR ratio ·,· when combined with the solute concentration 
determine the solidification mode . TILLER and RUTTER I 45 I have already 
shown this dependence , which SAVAGE I 55 I adapted for welding. 
Figure 3-7 shows the five possible medes of solidificat ion , all of them 
reproduced in welding practice . To confirm this point , we made a TIG 
bead on plate weld on a HY100 steel (see Chapter 6) strip measuring 
150 mm x 50 mm x 33 mm, using 1,o1elding conditions : 1 . 2 mm/s; 10 V; 200 A; 
gas argon at 15 1lmin flow rate . The nominal energy inp{lt of 1. 7 KJimm. 
allowed a very fast cooling r ate , considering the plate thickness and the 
low are efficiency for the TIG process. The crater of this btad was 
examined (untouched) under the Scanning Electron Microscope and Figures 
3 . 8 to 3 . 10 show that four of the five solidification medes described in 
Figure 3 . 7 could really be seen, as ,.,e scan the crater from the fusion 
boundary to its centre . Figure 3.8 shows the transition from cellular 
(C) cellular- dendritic (CD) structure and was taken at mid-distance between 
fusion zone and crater centre . As we approach the centre, a beautifully __ 
dendritic structure forms, as Figure 3 . 9 shows. Note the very well formed 
dendrite arms . Exactly at the 1hill 1 formed at the cratercentre the 
structure changes to equiaxed dendrite , as shown in Figure 3 . 10, with a 
relatively well defined transition region. 
Thus , the GIR ratio changed from the fusion line to the crater centre 
and the structure fol lowed it . Throughout the experimental part of this 
study, cellular- dendritic and dendritic structures will be observed in 
planes generally transverse to the Helding direction. 
Together with solidification structures, another phenomenon Hill be 
seen many times , and it is well characterised i n Figure 8 . 21 (Chapter 8) . 
He are referring to the banding observed in the weld pool, which is still 
subject to controversy. D' ANNESSA I 74 I, JESNITZER I 75 I, YOSHIMURA 
and WINTERTON I 76 I have suggested that it is caused by different growth 
rates resulting from thermal fluctuations in the weld pool . GARLAND 
and DAVIES I 77 I have shmm that it may be caused by cyclic variations · 
from the welding power source , and KOTECKI et al I 78 I that it results 
from pool oscillation during freezing in GTA spot welds. Nevertheless, 
it seems that there is a general agreement on the smaller dendrite size, 
and on the microsegregation of some chemical elements at this zone in 
the weld. This fact recalls FLEMINGS I 24 I and similar phenomenon 
in ingots, as we have seen in Chapter 2 . Moreover, it was found I 76 I 
that there are two kinds of relationship between the dendritic structure 
and banding : one involves the growth of dendrites through t he banding , 
and the other the nucleation and growth of new dendrites when the ' old ' 
dendrite enters a ' new ' band. 
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It was also SAVAGE et al I 79 I who first proposed a new terminol-
ogy for the regions in welds. In the weld metal there is the ' composite 
region ' which is mechanically mixed by are forces , and after it the 
1unrnixed zone ' which has been melted but not mechanically mixed and the 
'partially melted zone', just before the ' true heat-affected zone '. The 
1weld interface ' i s placed between the 1 partially melted zone ' and the 
1unmixed zone '. Thus, there is a concentration gradient from the base 
metal coi.1position to that of the filler metal lying in the unmixed zone . 
The detection of this unmixed zone is only possible through the use of 
special etching techniques. SAVAGE et al I 79 I used two- stage etchant 
(described in Chapter 6), while TAKALO and MOISIO I 80 I found the zone 
in Manual Metal Are welds of austenitic stainless steels using the 
potentiostatic technique . Also these authors observed that in moderate 
ox:idising environments , vThen the weld metal was nobler than the base metal, 
the unmixed zone was the fastest corroding region. 
Finally, there is the point of resultant solidification structure 
size . As already seen , v1elds have a much higher solidification rate 
than castings, and this must refl ect in the interdendritic spacing. 
BRa·m and ADAMS I 81 I, usíng the mass transport phenomenon concept for 
the interdendritic spacing , applied it to a simplified one- dimensional 
analysis. Assuming three- dimensionsl heat flow and simplifying the 
freezing time expression for a small volume of metal at the melting point, 
the dendrite spacing L is given by : 
L ,; { (8D t:. T HQ)I(21T C Km(1 - K)C V(T - T /)} ~ p o m o (Eq. 3. 16(a)) 
where 
l:.T = undercooling 
m = slope of the liquidus 
K = distribution coefficient 
c = alloy composition o 
D = diffusivity o f solute in the l iquid 
H = latent heat o f fusion 
Q = pov1er input (voltage X current) 
c = specific heat p 
v = welding speed 
T = liquidus alloy temperature m 
T = initial material temperature o 
Thus , the interdendritic spacing should be proportional to the 
square root of the energy input : 
1 
L cr\Q/V)2 (Eq. 3 . 16(b)) 
This relationship has been confirmed by some researchers·,· among 
them PALEY et al I 82 I and JORDAN and COLEMAN I 83 I. However, i t 
must be recognised that Equation 3 . 16 (a) comes from large over-simpli-
fications. Furthermore, i n Chapter 8 we shall show that the dendritic 
spacing has elo se relationship wi th ,.,e}~ bead shape . Also in Chapter 8 
is demonstrated the importance of anottier concept, the dendrite growth 
~· 
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direction, not so far considered in these measurements . 
To assess the exact relationship between solidification structure 
size or mode and mechanical properties is a difficult task , especially 
if the alloy suffers solid state transformation(s) . Nevertheless , 
there is evidende that this is quite possible, as shovm by PROKHOROV 
and MASTRYUKOVA I 84 I and by THORNLEY_ I 85 I, who found a very good 
relationship between dendrites arm spacing and (0.2%) yield strength. 
3-3-3 Modifying the normal solidification process 
In the previous sections we have seen that the weld solidification 
process inherently leads to solute(s) microsegregation. Also it was 
explained how this solute build-up in front of the solid- liquid inter-
face combines with the temperature gradient G and the grov~h rate R to 
determine the constitutional supercooling extent and solidification 
structure modes. 
Depending mainly on the microsegregation and weld pool stress level , 
and solidification s tructure type , the weld mightsuffer from severe 
solidification cracking (Chapter 4) . Also its secondary microstructure 
might present a distributi on , constitution or shape which does not enable 
the weld to fulfil its mechanical duties. 
In this section we do not want to make a large discussion on all 
available methods to modify the ' normal 1 vreld solidification process . 
Rather , the intention is to provide a general view about them, for in 
Chapter 9 we shall show the effectiveness in reducing solidification 
cracking of an oscillation system designed for our studies , in which 
only the wire oscillates . 
Furthermore , the expression 1control ' of weld pool solidification 
I 61 I is here avoided for , as far as we know, up to this date there 
is not such a devi ce or process vrhich allO\·rs exact results to be fore-
cast . 
Some weld properties are determined only in their molten state 
or during their solidification stage . Usually, deoxidation and alloying 
t echniques are employed to obtain these results in castings , but in 
welding these methods may be much more difficult to apply , for the 
nuclei must survive the high pool temperature . 
In general , any modification of the normal weld solidification 
process has as primary objective grain refinement but , as we shall see 
below , some of the experiments were designed specifically to reduce 
solidification cracking • 
The use of inoculants is concentrated mainly in the submerged are 
process, due to its relatively large pool and easy addition. Many 
attempts have been made to modify the weld solidification mode through 
the use of this method. They vtere either aimed to refine the structure 
I 85 - 87 I or to reduce solidification cracking I 88 I, using powdered 
filler metal . The results , however, were not conclusive , for the 
control of the various factors involved in this kind of addition is 
critical and can show heterogeneous distribution. 
- JJ-
Other techniques have been developed,such as stirring and vibration. 
The aim of these methods is the generation of nuclei (through dendrite 
f r agmentation) at the growing solid- liquid interface. These nuclei can 
be generated either by forced thermal fluctuations or mechanical action 
and they can survive due to the stirring or vibration which cause re-
duction in the pool t emperature . Due to the electromagnetic Lor~ntz 
forces I 71, 72 I stirring occurs in ' normal ' welds . Through periodic 
alternating magnetic fields it is possible to obtain grain refinement 
I 87 1. Experiments with electromagnetic are oscillation also have 
shown t o be effective in reducing the grain size I 89 I or sol idification 
cracking I 90 I, where it was highly successful using low frequencies , 
producing ' growth transition bands 1 , occurring dueto solidi fication 
structure change of orientation. These bands appear to behave as crack 
arrestors . Are weaving has been shown'to improve many weld metal 
properties , including i ts resistance to cracking I 91 I with frequency 
o.f ~ 8Hz and amplitude of 3 . 5 mm. In spite of the evidence of GARLAND 
and DAVIES I 61 I that the submerged are weld pool is too large to suffer 
the effect of osc illat ion , in Chapter 9 we shall show that this is not a 
necessary situation , for oscillation can substantially reduce solidifi-
cation cracking tendency • 
.. 
Also ultrasonic vibration has been used and current pulsation is 
another promising method. Frequencies of "4 0Hz I 92 I have shown to be 
the most effective in aluminium alloys , while it had no effect of tit anium 
alloys but r efined the grains in mild steel I 93 I using low pulsation 
frequencies . 
Finally , there are the effects on segregation distribution due, for 
example to the use of rutile- coated el ectr odes containing high amounts 
of iron I 94 I vthere the sulphur segregation via s reduced as vias the solidi-
fication cracking tendency. Also , the complicated effect of flux in sub-
merged are welding is an important factor to be considered . It either 
introduces beneficial or degrading element s to the weld metal properties, 
alters heat distribution I 95 I and surface tensions , thus influenc ing 
the solidificat ion structure . Related to this point , one of the most 
spectacular effects of flux types is that first reported by CG0HRANE 
I 96 1. I t is suggested that in submerged are weld deposits made under 
acid fluxes, the secondary gr ains are confined to the original primary 
f errite structure . HO\·tever with deposits made with basix fluxes, this 
secondary structure may be appreciably larger than the dendrite spacing . 
3 . 4 Summary 
In this chapter we first tried to make a profile of the general 
metal solidification process , and then to particularise it to welding. 
conditions. 
The equations for the initial , steady and terminal transient states 
(Eqs . 3 . 2 to 3 . 4) were given and the equilibrium distribution coefficient 
defined. The solute build- up in front of the solid-liquid planar inter-
face described by these equations was studied. Its relationship to 
the temperature gradient G and growth rate R was demonstrated to have 
fundamental importance.in the constitutional supercooling, whose extent 
determines the interface stability. We also pointed out the effec t that 
chemical reactions mi ght have on solidification, mainly through deoxidation. 
I::· 
~· 
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In welds, the solid growth mechanism is epitaxial, dependi ng on the 
base grains . Thus, each grain in the weld metal follows a characteristic 
crystallographic direction given by that of the base metal . 
The solid growth rate is given by the product of the welding speed 
and cosine of the: angle between the normal to the tangent to the pool 
at the point considered (Eq.3.?) . Depending on the welding speed, the 
pool shape can be elliptical or tear drop , and this has an effect on the 
segregation mode, for it alters R and in the tear drop case the grains 
converge along theweld centreline raising the tendency for entrapment of 
low- melting point solute- enriched liquid between the dendrites . 
Also it was seen that maximum growth rates occur in the weld centre-
line where minimum temperature gradients are encountered and vice versa 
at the fusion boundary. 
The spacial weld pool shape studies are progressing and they are 
based mainly on the weld pool geometry (Eqs. 3 . 9 and 3 . 10) . Also , the 
mechanical interfacial tensions acting along the various interfaces in 
the weld pool were considered (Eq . 3 . 11) . 
In spite of its high kinetic reactions, t he weld pool has sho\vn at 
least five solidification modes : planar, cellular , cellular-dendritic, 
dendritic and equiaxed. The temperature gradient is very high, but also 
it is the growth rate and so the G/R r atio in combination with the alloy 
composition make possible the existence of all solidification modes , as 
shown in Figures 3 . 8 to 3 . 10. 
The banding phenomenon in welds is still subject to controversy, or 
it might be due to all effects suggested in the literature . 
The various weld regions were presented, and also it was pointed 
out that there is a concentration gradient from the base metal composition 
to that of the filler metal lying in the unmixed zone . 
Dendrite size is another important factor in the weld properties, 
and it is proportional to the square root of the energy input (Eq . 3 . 16(b)) 
in a first approximation. However, under some circumstances , we found 
it to be related to weld shape (Chapter 8) and its measurement to be 
dependent on the dendrite growth direction. Also the influence of 
dendrite size and solidification mode on weld metal properties were 
reviewed. 
There are many techniques that can be used to modify the ' normal ' 
weld solidification process. Their a im is to generate nuclei and to 
provide t he environment which enables them to survive . Among the most 
generally known are are weaving and vibration, ultrasonic vibra tion , 
electromagnetic stirring, deoxidation and alloying. Flux can also 
have an effect on the solidification structure through its physical 
properties or as a means to make additions of certain chemical elements . 
In Chapter 9 we shall show a device used to oscillate only the elec-
trode , thus reducing the mechanical complexity needed to oscillate all 
the welding head. It was successfully used to reduce solidification 
cracking tendency. However, the general results have shown that, up to 
this date , there i s not a complete control of the solidification process, 
for this depends on a number of factors which knowl édge is not always 
available . 
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FIG . 3.4 - Schematic Representa.tion of Two Weld Pools , 
showing their Sha.pes at (a) High , and (b) LOiof Welding 
Speed . I :P I. 
FIG . 3.5 - Schematic Representa.tion of the Sp!.tial 
Weld Pool Shape (see text). I 63 I. 
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Microstructure. SE M, untouched (see text). 
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FIG. 3,9 - Crater of a TIG weld bead, just before the "hill" at crater centre . 
Complete Dendrite. SEM, untouched (see text) . 
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FIG. 3 . 10 - Crater of a TIG weld bead. Top of the "hill" at the crater cent ... ~ 
Equiaxed Dendrites. SEM, untouched (see text). 
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4 . SOLIDIFICATION CRACKING PffENOMENOLOGY 
4 . 1 Introduction 
As we have seen in Chapter 3 , the weld solidification process is 
complex and its last stage is c~itical , for there is , inherently , 
solute(s) segregation and its effects are enhanced • ..,rhen the interfaces 
meet each· o'ther. 
At this point the association of mechãnicallthermal stress , and 
lack of a suitable ( micro) structure to resist it , or sufficient liquid 
to fill in the gap once it has been open , can cause what is known as 
' solidi fication cracking ' . 
It is necessary to define 1,o1hat exactly we mean by soiidification 
cr acki ng and how to recognise i t . 
In a classic work on the subject , HEMS\.JORTH , BONISZEHSKI and EATON 
I 97 I proposed a classifi cation for High Temperature welding cracks. 
There are six categories , classified on the basis of their microstruct-
ural characteristics (excl uding reheat or stress relief cracking) . 
The area included by the dashed lines in Figure 4 . 1 shows the types 
recognised by them. As a result of intergranular (not here exclus ive-
ly referred to a crystalli te) or i nterdendritic microsegregation lead-
ing to the presence of liquid fi l ms during welding, Type 1 cracks 
occur . Type 2 is a solid state phenomenon and may occur together with 
Type 1 , through propagation of liquation cracks (1B or 1C) or by a 
ductility- dip mechanism (2A or 2C) . Type 1A, following the authors , 
i s always a product of microsegregation and strains formed during or 
shortly after solidification. At first gl ance , Type 1A could be the 
only kind o f cracking referred to in this study. HO\>Tever, i t is one 
of two possibilities . There is at least one other kind of solidifi -
cation cracking , not necessarily resulting from microsegregation (for 
it is possible that this microsegregation might be unable to promete 
intergranul ar .. films in the amount , type or shape necessary to lead t o 
cr acki ng , as we wi ll see i n the next secti on) . This cracking can be 
at the centreline or can be multiple (transverse ). Its face always 
shows dendritic structure (with no films on them) giving us proof of 
i ts formation during solidification and , of course, its path is inter-
dendr i tic . I ts formation is a pr oduct of the race between solidifi-
cation mede and strains developing in the weld pool . Thus, cracking 
occurs when the race is lost by the former factor, and it is accentu-
ated by the lack of more fresh l i quid to fill the gap. The amount 
of· liquid phase being primari ly dependent on t he freezi ng range of 
t he alloy and solidification mede . 
Therefore we propose the addition of this type of cracking (which 
was named 1Type 0 1 to be in l ine with the existing classif icati on) in 
t he quoted work I 97 1. Vle place it outside the dashed l ines in 
Figure 4 . 1 at the same level as the Type 1 , to highlight the fundamen-
tal difference between them. It is clear that the Scanning Electron 
Microscope and l1icroprobe analyser are essenti al tools to identify 
t hese two types of cracks correctly . 
Wi thout doubt , solidification cracking is one of the best documented 
t opics in welding (and casting) science . This fact is demonstrated 
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in the next sections by the number of publicat ions on the subject . 
Moreover, revievts have been regularly issued I 98 - 108 I , thus showing 
the topicality of the problem and that it is far from being completely 
clear . 
However , we must recognise that we shall never have absolute assur-
ance about which kind of cracks the 1 old 1 papers refer to . There are 
many reasons for this : the techniques used by some of them to identify 
the cracks were very subjective ; the terminology utilised was confusing 
and expressions such as 1hot shortness 1 , 1hot tearing 1 , 1hot cracki~g 1 , 
and 1hot fissuring 1 were freely used to identify different phenomena ; 
and .instruments with the depth of focus and image definition such as 
Scanning El ectron Microscope were not available a t those times and , 
therefore, three dimensional structures l ike the dendrites on a solid-
ification cracking face could not be perfectly s een. 
Therefore, caution must be taken when vte are consulting these 
papers . 
As we shall see in the next sections, great progress has been made 
in the solidification cracking field in the course of the last years . 
Hovtever , in our opinion, this phenomenon still lacks a more complete 
study. The ma.jori ty of the researches dane up to novt have been des-
igned to elucidate isolated effects ônly , vthile we know that this is 
not the way v1elding . operates . 
4. 2 The established theories 
Perhaps the foundrymen v1ere the first to mee t and roughly to 
identify the solidication cracking problem; BRIGGS and GEZELIUS I 109, 
110 I, VERO I 111 I, LUTTS and HICKEY I 112 I , GALPERIN I 113 I and 
LEES I 114 I v1ere just some researchers who noticed the influence of 
the alloy constitut ion on solidification cracking and to give it many 
different names and definitions. 
Specifically in the vtelding literature, one of the earliest knovm 
direct treatments of solidification cracking is found in the revie\•1 on 
effect of sulphur on the welding of steel made by SPRARAGEN and 
CLAUSSEN I 115 I in 1939 and, again , in another review made by them 
on weld metal cracks I 98 I two years l ater . 
So far , hov1ever, there \>tas not a proper theory to explain the 
solidification cracking phenomenon . It seems that at the end of the 
1940s the conditions were propitious and the understanding of the 
fundamental mechanics of solidification cracking began to be made . 
Conventionally , we s tudy these theories in four steps, almost 
following their chronological arder of appearance . In spite of our 
kno\>tledge that the main factors causing solidificati on cracking are 
mechanical and metallurgical, the study of these theories is justified, 
for ..,1e yet do not know how to quantify these effects. As we shall 
see below, these theories are much more concerned with the character-
istics of the weld pool itself and little was investigated on the 
me.chanicallthermal base metal effects. This shall be seen i n Section 
4.4.1. 
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4.2 . 1 The shrinkage-brittleness theory 
(i) The British view 
Thi s theory was advanced in some pioneer studies I 111, 113 I, but 
it was really developed in later works I 114, 116 - 118 I on aluminium 
alloys (cast ings first , later extended to welding . ) The first impor-
tant point reached was the relationship found between the ' hot short-
ness' of these alloys wi th their range of temperature above the solidus . 
At this stage the alloy possesses a finite strength yet has no apprec-
iable ductility. The theory suggests a ' brittle temperature range ' 
between the temperature a t which a coherent dendrite structure is first 
deve l oped in the alloy during the cooling from the liquid state , and the 
effective solidus temperature i n the r elevant conditions . The basic 
cause of cr~cking would be that the semirigid network of interlocked 
dendri tes for.med during the s olidification of an alloy is unable to 
withstand str ain. If sufficient liquid is available, the gaps (cracks) 
may be filled, or 1healed '. 
PUMPHREY and JENNINGS I 118 I stated that crack initiation would be 
a funct ion of the contr action per unit volume dur ing cooling through 
this ' brittle range ' of t emper atures . They also developed a very 
simple mathematical approach for cracking condit ions and highlighted 
the importance of the rate of increase in width of the gap. 
(i i ) The Soviet view 
As BORLAND recognises I 106 I: 11 much current understanding of the 
f undamental mechanics of crack formation s tems f r om Russian · sources" . 
This is a theor y developed by MEDOVAR I 11 9 I and , principally, by 
PROKHOROV I 120 - 123 1. The crack susceptibility is r elated to the 
temperature and stra in rate wi thin the solidifying v1eld metal . The 
temperature r ange over which permanent cracks are formed is defined as 
the ' brittle temperature r ange ' (BTR) . The upper temperature limit 
of the BTR is that in which the dendrites grow together thus preventing 
the liquid phase from circulating around them. The lov1er limit is 
just beneath the solidus, and is the temperature at which the strength 
of the grain boundaries is sufficient to resist th.e shear stress 
arising f rom contrac tion . Thus , within the BTR the metal can absorb 
some str ain if is not applied too r apidly. On the contrary , the 
grain boundary films can r upture and cracks are created . 
Comparing the initial assumptions of this theóry I 119 - 121 I v1ith 
the British view above, the main di fference i s that the l at ter stated 
that the lower limit of the BTR i s the solidus . As BORLAND I 1o6 I 
suggests , the Sóviet view i~ ·more precise, but in many practical 
situations both theories are virtually the same. 
Developments were made on this theory I 122 - 124 1. The strain-
ing of soli d- liquid "assemblies" are treated as a process of relative 
crystall ite displacement against counter-currents of the l iquid between 
them. The strain limit (ductility) of the 11assembly11 can be calculated 
from the condition of free crystallite displ acement up to the stage of 
mutual jamming. 
r_. 
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Thus for a three-dimensional "assembly11 assuming that the liquid 
is distributed uniformly in the thin liquid interlayers and that the 
crystallite size in the direction at right angles to the applied 
forces 6=ô 1=ô 2=õ 3 : 
- n 
e:= KS { (1 - (KI(1-K)) ( (T-T8 )1(T1-T)}t- m p ) -1 } 
where 
E:= 
Ks = 
K = 
Ts = 
T1 = 
T = 
m = p 
n = 
4. 2. 2 
ductility 
flow coefficient for the solid phase (experimentally 
determinable ) 
distribution coefficient of the solute at the solid-
l iquid interface 
solidus temperature 
liquidus temperature 
temperature of interest 
amount of liquid cut off by crystallite and unable to 
flow around them (experimentally determinable) 
113 for three- dimensional 11assembly11 (112 for two-
dimensional ) 
The strain theory 
This theory was developed in the USA to explain ' hot tearing ' in 
castings by PELLINI et alI 125 - 127 1. It does not consider the 
1brittle range temperature ' concept, stating that cracks cannot occur 
during this semi- solid ( ' mushy ' ) state . It will occur later , when 
an essentially continuous thin film separating solid grains caru1ot 
accommodate the strain imposed on it . The total strain applied to 
this film is a timeltemperature dependent property. 
Using these principles, SAVEIKO I 128 I was able to calculate the 
force (F) required to separate the liquid film and its thickness (d), 
vrhen the liquid is exposed to the environment : 
vthere 
A = 
y = l v 
d = 
F = 2A y ld l v 
area of liquid film in contact with the solid 
liquid-vapour interfacial energy 
film thiclmess 
Thus , as the film thickness increases the force decreases. 
A s ignificant analysis on solid- liquid component fracture in welds 
was made , BORLAND I 106 , 107 I, and will be the subject of the follovring 
section. 
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4.2.3 Borland ' s generalised theory and beyond 
BORLAND is one of the most important and constant researchers in 
this field, and the wellknown ' generalised theory ' I 99 I was soon 
followed by an incursion on the implications of solidification on vteld 
cracking I 100 1. His latest papers refined , expanded and added new 
ideas to this important phenomenon I 106,107 1. 
The generalised theory l99lincludes relevant points from the initial 
developments of the shrinkage-Brittleness and strain theories . It 
considers four stages during the solidification process: 
(a) Primary dendrite formation : the solid phases are dis-
persed in the liquid, with both phases capable of 
relative movement . 
(b) Dendrite interl ocking: both liquid and solid phases 
are continuous, but onl y the liquid is capable of relative 
movement . The liquid can move freely beh1een the dendrites . 
(c) Grain boundary development: the solid crystals are in an 
advanced stage of development and the movement of the liquid 
is restricted; relative movement of the two phases is 
impossible . 
(d) Solidification: the remaining liquid has solidified . 
In Figure 4.2 these stages can be seen in a schematic form . The 
stage 3 is considered by BORLAND I 99 I as the most significant in 
cracki ng, and named the 1critical 1 solidification range ' (CSR) . Due 
to the undercooling found in weld, the liquidus and solidus can be 
depressed and the salidus may be further depressed by the lack of time 
for diffusion to occur . Thus, the CSR is i ncreased as is the suscep-
tibility to solidification cracking . At this stage 'healing ' cannot 
occur, and the material will crack unless it can resist the strain at 
this high temper ature . 
An important suggestion is made in that the presence of a wide 
freezing range is not a sufficient condition for cracking to occur . 
BORLAND ' s reasoning I 99, 100 I, is that a liquid phase covering almost 
all the grain faces during freezing v1ill allovr the development of 
strains that it cannot accommodate in the narrow bridges joining ad-
jacent grains, and could give rise to cracking. On the other hand, 
a liquid confined mainly to grain edges and corners will allow large 
areas of the grain faces to unite. These areas should' be able to 
resist higher strains without cracking. ROGERSON and BORLAND I 129 I 
applied dihedral angle measurements to determine the shapes of liquid 
phases a t temperatures above the liquidus in t hree binary aluminium 
alloys . Correlat ion was found between the 1hot 1 cracking suscepti-
bility and the relative free energies of grain boundaries. This 
latter factor is a function of the dihedral angle of t he second phase , 
as SMITH I 130 I has shown : 
Y I r = 1 I 2 cos -2° SL ss 
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where ySL is the interface energy of the liquidus- solidus , Yss i s 
the grain boundary energy and 0 is the dihedral angle . As shown i n 
Figure 4.3, when 0 = 0° the liquid completely covers the grain faces . 
When the ration YSLI YSS reaches 0 . 57 ( 0:60°) there is only a network 
of liquid along the edges of the grain. This should be the best 
condition to resist cracking. 
For the sake of justice, we have to recor d that MASUBUCHI in his 
relatively recent book I 131 I is mistaken. For he presents BORLAND ' s 
generalised theory as being borne in the review (year 1964 ) prepared 
by KAMMER, MASUBUCHI and MONROE / 101 I . However , in that Report the 
authors recognised BORLAND ' s authorship. 
BORLAND I 100 l . was able to foresee the harmful effects of many 
chemical elements using a ' relative potency factor ' (RPF) , vthich in-
cludes considerations of the equilibrium phase diagram of binary alloys 
and the extent of the freezing range and constitutional supercooling. 
This factor is given by : 
where 
RPF = mCs (1 - K)IK 
m = slope of liquidus 
Cs = maximum solid so~ubility 
K = distribut i on coefficient 
Thus , to be judged harmful , an element must attain a certain minimum 
value of maximum potency (RPF) , combined with conditions imposed on 
freezing r ange and constitutional supercooling . As the author r ecog-
nises , this theory ignores the mechanical strain factor imposed by the 
welding process . Nevertheless , it has been useful for a first analysis 
of cracking tendency. 
As we previously said , in his later papers BORLAND I 106, 1071 
highlights the importance of other factors not so widel y discussed in 
his former vtorks . Much attention is given to the problem (unsolved ) 
of tens ions around the weld pool, methods to decrease it (as heating -
see Chapter 9) and interfacial tensions. One of the subjects covered 
in details i s the fracture of solid- l i qui d components in welds . He 
considers t hat, at least , three aspects are important : 
(a ) The presence and lor penetration of liquid betv1een grains 
ar along crystallographic planes ; 
(b) Fracture initiation at the solid- l i quid interface ar 
parting wi t hin the liquid phase ; 
(c ) Propagation of the cra ck. 
After some considerations on the interfac ial energies involved in 
the process of liquid separation , including the expression developed 
by SAVEIKO I 128 I (see Section 4. 2. 2) he (tentatively) concludes 
that : "while the continuous liquid phase provides an easy extension 
path for an existing crack, the presence of the l iquid does not ~· 
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necessarily account for the initial forrnation of the crack " 
This (tentative) conclusion reinforces what we have said in Chapter 
3, when studying interfacial tensions acting on welding, in that much 
more attention should be given to this point . 
4 . 3 The role of chemical elements 
A very complex relationship holds between solidification cracking 
and the chemical composition. This is not only due to the interactions 
among the elements themselves, but because relatively simple metallurg-
ical phenomena became complex under the reactions kinetics found in 
welding processes . Moreoever, there is the additional problem of the 
range of composition studied and effect reported. Therefore, we can 
just review the general trends of chemical composition on solidification 
cracking, and present some empirical•equations which prove to be useful 
in avoiding this type of defect in low al loy steels . 
4 . 3 . 1 The individual action 
(a) Sulphur 
Thi s element was detec t ed as harmful to solidification cracking from 
a very early stage I 115 I and there is a widespread agreement on this 
I 100 , 102, 132, 134 1. The sulphur action through grain boundary 
Fe- S films of low melting point, and its rejection from the austenite 
phase, is a wellkno.vrn one . At "'988°C the Fe- S equilibrium diagram 
shows, as pointed out by BORLAND I 100 I, that austenite is in equili-
brium vti th a liquid containing nearly 3Cf/o sulphur I 135 I . The non-
equili brium weld pool solidificat ion as a result of the fast cooling 
rates enhance the tendency for sulphur- rich liquid films to form over 
the austenitic solidification range . As the contraction strain in the 
weld pool increases with cooling , this film may be a real danger to 
solidification cracking. 
Consequently, sufficient addition of elements that form strong links 
with it , like manganese, will assure the formation of sulphides of 
different nature and melting point (see manganese, sub-section d) . 
Furthermore, lowering the amount of carbon or adding elements which 
reduce the austenite range (extending the delta ferrite region) will 
help to avoid solidification cracking . 
(b) Phosphorus 
The analysis of the Fe- P binary equilibrium phase diagram alone is 
insufficient to make predictions on the possibl e segregation of the 
phosphide segregation of the phosphide eutectic, which melts at 1050°C, 
and that under departure from equilibrium in 1:1elds is able to be a 
solidification cracking promoter I 136 1. There is no peritectic 
reaction in t he iron- phosphorus binary phase diagram and, in contrast 
to sulphur, there is a closed Y- loop in which phosphorus is soluble 
to the extent of 0 . 2% at 1100°C I 102 1. 
The evidence is clear of this harmful effect I 102, 133 , 136 I and 
a very interesting find is due to GARLAND and BAILEY I 132 I, which 
states that there is a large interaction between phosphorus and manganese 
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and the inability of the latter to control cracking (combining 
with sul phur) at high phosphorus levels . 
(c) Carbon 
It is agreed I 98, 100 , 102 , 132 , ·133 I that this element has a 
negative effect on solidification cracking. 
Firstly, because carbon acts as austenite former , enhancing the 
segregation of sulphur and reducing the rate of phosphorus diffusion 
i n austenite . However, its effect on extending the solidification 
range is stronger than was earlier believed and it is thought now as 
the most important factor increasing cracking tendency I 132 1. 
The iron-carbon phase diagram might help to understand the carbon 
effect (Figure 2 . 3 in Chapter 2) through the formation of gamma phase 
as i ts con tent increases . However , caution ough t to be taken 1,o1hen 
di scussing critical levels of carbon above which susceptibility to 
cracking is increased . 
Cont rary to thi s common belief , in a relatively recent paper 
I 137 I it was found that, among other not quantifi ed factors, an 
increase in carbon and nickel content is beneficial to solidification 
cracking , when weld metals with carbon content r anging between about 
0.04 and 0 . 22% are deposited using MMA (cellulos ic electrode) and GMA 
(1000;& C02) processes. It 111as concluded that the mai n origins of this 
type of cracking is the shrinkage in the transformation from delta 
to gamma phase in low carbon steels (less than O. Oo/;&), which enhances 
the normal shrinkage of the solidifying weld metal . As carbon and 
nickel are gamma formers, they were said to cooperate to prevent this 
defect . A relationship betllteen carbon , welding speed and 111eld crack-
no- crack boundary v.,ras also established, being noticed a minimum l!teld-
i ng speed for the cracking occurrence . Hol!tever, this paper left 
doubts in the anthor ' s mind for it ignores a series of important 
factors . The most striking is that the base steels and electrodes 
are not differents in carbon and nickel content only, being i mportant 
chemical elements to solidification cracking tendency , such as Ti, Nb , 
V, S, P and Mn also different for each weld metal . Therefore , 111e 
think that caution i s required in the analysis of these results . 
( d) Manganese 
The beneficial action of this element on solidification cracking 
has been r ecognised for a long time I 100, 102, 133 , 138 lthrough its 
combination 111ith sulphur . The general stiggestion (inherited f rom the 
foundry industry) is that there is certain MniS ratio above which the 
susceptibility to soli dification cracking can be r educed. JONES/ 139 I 
found that in low alloy s teels a ratio above 50 reduces considerably 
the cracking tendency, but there is a strong relationship with the 
carbon content . GARLAND and BAIL~ I 132 I arrived at the conclusion 
that there is not a critical MniS ratio, because this implies a change 
in the e ffec tiveness of manganese . Therefore , they recommend an 
arithmetic expression like X.Mn - Y. S as a best guide . 
There are t1110 explanations available for the beneficial action of 
manganese . ~· The best known I 102 I is that in 111hich FeS (melting 
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poiLt 988°C) is not allowed to form as a separated phase . Instead 
with the addition of manganese the phase will be MnS (melting point 
1610°C) with FeS dissolved in it . This is because MnS has alower 
free energy of formation than FeS . Thus, MnS will dissolve FeS until 
a soli d containing 75% of it solidifies. So, the higher the manganese 
content of the steel, the higher the manganese- to- ir?n ratio in the 
sulphide and the higher its melting point . With sufficient manganese 
available , the formation of grain boundary fi l ms of low melting point 
is avoided. 
Another theory was introduced by NAKAGAWA et alI 134, 140- 144 1. 
The parameter MniS is said to have only an inherited meaning , rather 
than a metallurgical one . Firstly , by reference to a ternary Fe- S- Mn 
equilibrium phase diagram these authors were able to demonstrate that 
in an Fe- rich Fe- S-Mn alloy steel the iron manganese (and also a very 
little amount of sulphur) solidifies as the primary phase . Using 
the weld metal solidification model (see Chapter 3), they also have 
shown that, as t he solidification proceeds, the sulphur and manganese 
concentration in the remaining liquid increases, because their solute 
distributions are less than unity . However, sulphur has a much 
smaller distribution coefficient than manganese and, therefore, the 
Mn/S ratio in the liquid ahead of the solid- liquid interface will 
decrease. 
Based on this changing in the liquid cornposition and applying 
distribution coefficient of both Mn and S , these authors concluded 
that a better parameter to describe structure and shape of the sul-
phides and the solidification cracking susceptibility depends on the 
Mn31 s ratio in s t eels where ô phase solidifies , while it depends on 
Mn51s ratio in steels \olhere y phase solidifies . 
The sarne authors carry on studying a series of steels like HY100, 
HY130, etc and found that for them the parameter Mn51s shall be em-
ployed, and that even 0 . 005% sulphur has a detrimental effect on 
their solidification cracking susceptibility. 
(e) Nickel 
This element , in general , increases the solidification cracking 
tendency in th~ levels employed in steels like those in the present 
experimental study (Chapter 6 on) . It widens the 1brittle temperature 
range' I 145 I and acts in combination with other elernents. KAL ' NER 
and RUSSIYAN I 146 I quote the presence of low melting points sulphides 
of nickel (800°C) and its eutectic NiS+Ni (melting point 690°C ) as 
being responsible for wide bands of low strength around the dendrite 
boundaries. l4ASUHOTO and IHAI I 147 I also reported heavy sulphur 
and nickel segregation at the dendritic boundaries , and values of 
less than 0 . 01% S, 2 . 5% Ni being needed to prevent cracking . They 
did not observe any remarkable phosphorus segregation , but stated that 
limiting amounts of 3 . 00h Ni and 0 . 02% P must be the rule . NAKAGAWA 
et alI 144 I in a work previously described (sub-section (d)) , con-
cluded that nickel and carbon promete the detrimental effect of sulphur 
and phosphorus . They correlated cracking susceptibility with a 
' carbon equivalent for solidification cracking ' - CE (SC), given by : 
CE(SC) = C +. Nil23 (wt%) 
- 51 -
Using this formula, the maximum permissible limit of phosphorus , in 
the HY class of steel considered , is about 0 .005%, when CE(SC) = 0. 2%. 
(f) Silicon 
Silicon has not shown a very clear effect on sol~dification cr acking 
and it is used i n relatively low amounts in HY class of steels . How-
ever , it is expected to exert a slight beneficial influence on solidi-
fication cracking as a ferrite former I 102 I, for sulphur and phosphorus 
will be more soluble in th i s matr i x as silicon increases I 103 1. 
WOLSTENHOLM and BONISZEWSKI I 148 I have shown that a l ow MniSi 
r a tio increases the solidification cracking severity through two-
dimensi onal arrays of silicate- type inclusions which tend to form inter-
crystalline films . 
(g ) Aluminium 
Due to its deoxidising acti on it is suggest ed that this element 
has a complex influence upon solidification cracking tendency. By 
analogy with steel castings , BORLAND I 100 I suggests that it is har~­
ful , at l east in its first addition , combi ning with oxygen and inducing 
production of intergranular Type II sulphide films . If further 
additions are made it can be benefic ial, for then there is production 
of (AlFe)S . I n welds it has been found to be beneficial I 105 1. 
(h) Oxygen 
The oxygen action " should not be harmful" to solidifica t ion crack-
ing , as BORLAND I 100 I stated based upon considerations related to 
his theory on the dihedral angle (see Section 4. 2. 3) . A powerful 
crack- inhibiting effect of oxygen was also reported by MORGAN- WARREN 
and JORDAN I 149, 150 I . 
However , it is the author ' s op1n1on that yet there is not a reason-
able explanation for the oxygen behav i our and theories on microsegre-
gation and chemical reactions effects (Sect ion 3. 2. 3 - Chapter 3) should 
be much more investigated, although they are not directly rela ted to 
solidification cracking. From these theories it seems that the effects 
of this element cannot be generalised. 
(i) Titanium 
This element is also a deoxidant and promotes ferrite formation 
I 102 1. It has been reported to inhibit solidifiation cracking in 
the relatively high range 1. 5- 2.0% I 145 I in HY80 steel. Also it is 
reported I 151 I that with the addition of titanium there is a sharp 
change in composition , shape and distribution of the sulphide inclusions . 
The form and composition of other non-metallic i nclusions are also 
altered . With the formation of refractory complex Ti sulphide and 
titanium carbosulphides , along the grain boundaries , there is a bene-
ficial influence on the resistance to solidification cracking. 
In effect , it seems that titanium has varying influence , depending 
on welding composition , for as it was found benefic ial I 145 , 151 -153 I 
it also was detrimental I 154 I, for it acts as deoxidant . 
1::· 
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(j) Other elements 
Other elements can have an influence on solidification cracking 
tendency in at least three ways I 102 I: 
(I) 
(II) 
(III) 
By combining with impurities such as sulphur , thus pre-
venting the formation of low melting point phases ; 
By encouraging the formation of austenite or ferrite ; 
By·altering the ability of liquid phases to wet the rnatrix 
grain boundaries. 
In co2 welding WIDGERY I 155 I did not notice any increase in 
solidification cracking due to copper addition up to 0 . 86%. 
Molybdenum and tungsten are not found in the sulphide inclusions 
and the former increases the resistance to solidification cracking up 
to 13% while the latter seems to play no role on its tendency I 156 1. 
•. 
Through its affinity for oxygen, carbon and nitrogen, vanadium has 
influence on shape , nature and distribution of non-metallic inclusions , 
reducing the solidification cracking tendency I 157 1. 
Chromium tends tO\·Iards reduction of solidification cracking 
I 133, 158 /, through its action as carbide former . 
Niobium is said to act as a vigorous carbide- forming element and 
increases the resistance to solidification cracking I 159 1. However, 
this is not the general observed trend . Additions in a weld metal 
up to 0.13% were found to reduce solidification cracking tendency. 
Subsequent additions up to 1.0% improved this resistance, but further 
additions increased the cracking tendency I 160 1. On the other hand , 
GARLAND and BAILEY I 154 I found that niobium increases weld metal 
solidification cracking in concentrations up to O . Oo/~. This effect 
is due to the formation of FeCNb films on solidification sub-boundaries , 
or regions created by a slight mismatch between adjacent dendrites in 
the same grain. 
The effect of boron has been reported to be complex I 161 I for it 
increases solidification cracking tendency up to ~ 0 . 4%. Above this 
amount the susceptibility decreases. Boride phase distribution along 
the grain boundaries might be the explanation for this behaviour, for 
at 0 . 4% a continuous network exists. Increasing boron content inter-
layers of liquid eutectic forrn and the interdendritic spacing is in-
creased. So , the liquid can move and fill in ( 1heal 1 ) gaps . 
One of the few data concerning arsenic influence on solidification 
cracking is given by HUXLEY I 162 1. He reported that it slightly 
prometes cracking, being its effect 1I20th that of sulphur, and that 
tin also increases solidification cracking, being its effect 1140th of 
sulphur . 
While zirconium has been used as deoxidant in wires I 163 I l ittle 
data is available as regards its influence on solidification cracking. 
The addition of more than 1 . 00~ of zirconium in HY80 steel abruptly in-
l:.· 
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creased the solidification cracking tendency I 145 I and was noticed 
a high segregation of this element and nickel at the interdendritic 
regions . 
Rare- earth metals are in general beneficial to solidification 
cracking / 164 I and should act as desulphurising agents. Preventing 
the formation of low melting point sulphides , cerium improves the weld 
metal and HAZ resistance to solidification and l iquation cracking 
I 139 , 20 1-
4 . 3 . 2 Prediction of their effects 
Throughout the analysi s of the chemical elements individual 
effect on solidif ication cracking , i t was clear that they interact 
among t hemselves. This interaction phenomenon is not a well estab-
lished one . In general , carbide formers have a favourable influence 
in reducing the susceptibility of steel to sol idification cracking , 
as we have seen i n the previous secti on. In t he strict sense of an 
analysis of t he trend pursued by the l iterature , the fol lowing formulae 
are off ered (al..l elements contents in wt%) : 
1. The \o/ILKINSON , COTTRELL and HUXLEY formula I 133 I , as a result 
of TIG welding on high tensile steel sheets , i n a modified HOULDCROFT 
test : 
HCS ::. C(S+P+ Sii25+(Nil100)) 3 Mn + Cr + Mo + V 
The HCS (Hot Cr ack Sensi t ivity) value should not be less than 4 for 
satisfactory welding . The authors reported that the effect of speed 
must be more accurately investigated. 
2 . The BOLLENRATH and CORNELIUS f ormula , as quoted by I 165 1: 
s + p < 0 . 007 
c 
It i s r eported t hat it may 
work i t was around 0 . 50%) . 
1936 . 
for satisfactory resistance to •se •. 
be modifi ed for higher Mn steels (in that 
Notice the year this formul a was proposed : 
3 . The three OSTROVSKAYA formul~l 166 I reported as ' carbon equiva-
lent ' , claimed to be applicable to any fusion welding process on high 
strength C- Mn steel s , and aimed to be used as a comparison mean•:. 
(a) 0 . 09 < C < 0 . 14 
CE = C + 2S + Pl3 + (Si- 0 . 4)110 + (Mn-0. 8)112 + Nil12 + 
+ Cul15 + (Cr- 0 . 8)115 
(b) 0 . 14< c <0 . 25 
CE = C + 2S + Pl3 + (Si- 0 . 4 )17 + (Mn-0 . 8)18 + Cul10 + 
+ (Cr- 0 . 8)110 + Nil8 
( c ) 0 . 25 <C <0. 35 
CE = C + 2.5S + Pl 2 . 5 + (Si- 0 . 4 )15 + (Mn- 0 . 8) + Nil6 + 
+ Cul8 + (Cr-0 . 8 )110 
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4. The CSF (Crack Susceptibility Factor) of HUXLEY I 167 I, for 
autogenous TIG welding on high strength steels : 
CSF = P(C+Nil30 - Mol10- Crl100 - Vl100) 
5 . The CSF of COTTRELL I 168 I, produced from TIG welding on sheets 
of high strength steels, some of them used for rocket cases : 
CSF ~ (P (C + 0 .1 42Ni + 0 . 282Mn + 0 . 2Co - 0 . 14Mo - 0 . 224V) + 
+ 0 . 195S + 0. 00216Cu) x 104 
COTTRELL reported that when the CSF value falls below about 20 , the 
percentage of cracking in production is very low (near O%). This 
relationship was based on the combined effect of phosphorus on ferrite 
and austenite stabilisers . 
6 . The MORGAN- \</ARREN and JORDAN I 149 I CFS for high strength steels, 
considers the effect of oxygen: 
CSF = 42C + 847S + 265P - 10Mo - 3042 O + 19 
7. The latest available version of the 
bility) of GARLAND and BAILEY I 154 1. 
from Transvarestraint tests I 169 I, for 
reported by BAILEY and JONES I 105 1. 
UCS (Units of Crack Suscepti-
This formula was developed 
high strength C- Mn steels, as 
UCS = 230C* + 190S + 75P + 45Nb - 12. 3Si - 5 . 4Mn - 1 
where C* indicates that C values below 0. 08% should be taken as equal 
to 0 . 08%. If UCS is less that 19 for fillet or 25 for butt welds , 
the probability of cracking is low . 
Taking the effect of weld pool shape into consideration they pr o-
posed an OCS (Overall Crack Susceptibility) factor : 
\·ID OCS = UCS + 0 . 4 U + \.JID - 15. 5 
where \-J is the 1tJidth, D is t he depth and U is the unfused ligament of 
the weld bead . This OCS value being reported as of 'difficult ' 
correlation with actual 1t1eldi~g practice. 
The above quoted formul ae must be looked at with great caution. 
The s tatistical significance of the data as well as the use of differ-
ent steels to simulate change of chemical elements is open to discussion. 
Thermal history of the base material is seldom reported and, in general, 
specific tests and welding processes are extrapolated with excessive 
freedom . 
1:'.· 
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4.4 Base metal behaviour surrounding the weld pool 
The stresslstrain pattern generated by highly localised heating and 
cooling which occurs in welding is very complex. This subject has 
received a great deal of attention by MASUBUCHI I 170 , 171 I and 
Figure 4 . 4 I 170 I shows the general distribution of temperature and 
associated stress during welding. Thus , at least three effects are 
known I 170 I to happen : 
(a ) Transient thermal strains and stresses during v1elding ; 
(b) Transient metal movement or distortion during welding; 
(c) Residual stresses and distortion a fter welding is completed . 
As far as v1eld metal solidification cracking is concerned, the two 
first phenomena are very important, for they t ake place during welding. 
Figure 4 . 5 shows another example, where actual transverse strain 
changes on a HY130 s teel weldment are seen I 172 1. The weld was made 
on a 19 mm thick . , 45o included angle, using MIG process and backing 
plate , and it is shown in some of the last r uns . The word 1ARC ' in 
this figure means the closest distance from it to the gauge location. 
He have to highlight the strains developed very near the weld pool. 
Notice that depending on the weld pool size, its trailing edge 
(liquidus- solidus state) may be within this zone . One clear conse-
quence may be solidification cracking in the weld pool. 
Thus , it is very important to know the base metal mechanicallmetal-
lurgical behaviour at these high temperatures and load r ates , if we 
1t1ant to make any prediction of i ts e ffect on weld metal solidification 
cracking . 
In this section we will analyse works whi ch demonstrated some (or 
total) concern v1ith t his subject . Firstl y , i t vlill be seen those v/Orks 
\·lhich simulated the high temperature and strain rates in the base metal 
surrounding the weld pool. Here we must emphasise an i mportant point : 
\vhilst a great number of them were designed to look for possible base 
metal metallurgical discontinuity effec ts (like grain boudary liquation, 
for example) we are more concer ned v1i th properties l ike duc til i ty and 
strength . 
Then i t \olill be seen the ( few) v1orks using actual v1elding processes 
and concerned with the base metal effect on solidi f ication cr acking. 
Thermal stresses are directly proportional to the product of the 
coeffici ent of thermal expansion and increment of temperature . Further-
more , variations of more than 2000fo i n thermal conductivity can be 
expected , not just on distinct materials , but :in identical steels , which 
have been submitted to different heat treatment I 173 1. Moreover , 
the thermal properties like thermal conductivity , specific heat and 
density are , to a greater or lesser degree, temperature dependent . 
There is a way to assess the hot ducti lity behaviour of a material 
under rapid heating and cooling cycles similar to those experimented 
in a HAZ of a weld. The Gleeble machine wa s introduced in 1949 I 174 1. 
Since then much valuable information on crack sensitivity of material s 
1::· 
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has been gained through the measurement of strength and reduction of 
area (ductili ty) of specimens during the cooling cycle . 
There are at least five distinct criteria by which the hot ductility 
curves are interpreted I 175 1: minimum arbitrary ductility; recovery 
rate of ductility; recovery rate of ultimate strength ; zero ductility 
range; zero ductility in mid-temperature range. To discuss all of 
them, however, is beyond the scope and interest of this work. vfuat 
most concerns us is the effect the testing parameters can have on hot 
ductility response , and the resul ts themselves . In general , alloys 
become increasingly more crack-sensitive as I 175 / : 
(a) The 'peak ' temperature is increased ; 
(b) The cooling rate is increased 
(c) The strain rate is increased 
Furthermore, the composition and microstructure have significant 
effects on hot ductility response . 
Figure 4.6 shows the three- dimensional representation of the ' zero 
ductility plateau ' I 176 1. It exists next to the weld pool and i t 
gets smaller further away from the fusion zone, until a limiting 
temperature is reached when it does not exist any more. Using this 
concept, YENISCAVICH I 175 I was able to propose a cracking criterion 
which is of interest in our subsequent reasoning. Figure 4 . 7 shO\o/S 
schematically half of a weld pool moving on a thick (3D) plate of metal 
(plan view) . Knowing the isotherms, we can draH parallel lines to 
the welding direction tangents to each isotherm. Then , the locus of 
these tangent points forms a boundary . While one area is being cooled 
the other is being heated, as indicated. In the former area , the 
metal is expanding and developing plastic compression stresses . On 
the other hand , the s tresses on the cooling region get smaller further 
away from this boundary . Beyond the line of zero stress, the material 
is in tensile stress and eventually reaches its yield strength I 177 1. 
That point is difficult to define because the yield strength is another 
temperature dependent material property. Thus , YENISCAVICH ' s propo-
sition I 175 I is: if the ductility plateau intersects the yield strength 
line as shown in Figure 4. 8, the material cracks. 
Thus , during an actual weld the part which will likely crack with-
in the weld pool is its trailing edge, for it is in the solidus- liquidus 
( 1mushy 1 ) state (see Section 4 . 2) . 
WELLS I 178 I states that the three major factors in the production 
of 'hot cracks ' during welding are : restraint; cooling rate ; thermal 
cycle peak temperature . The plastic strain imposed on the specimen is 
calculated for each test between the heating and cooling solidus temper-
atures using a uniaxial thermal strain equation. Thus , he argues 
that the elastic strain above the solidus temperatures is very small 
and t he total contraction is negligible, and arrives at the follov1ing 
conclusions: 
(a) The magnitude of the tensile plastic strain is given by the 
restraint against thermal contraction. 
~· 
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(b) The magnitude of the strain rate depends on the 
cooling rate ; 
(c) The amount of liquid present at the grain boudary 
during cooling is related to the peak temperature of 
the thermal cycle. 
STEENBERGEN and THORNTON I 179 I extended the work of WELLS I 178 I. 
After considerations on the elast ic and plastic strains involved in the 
process , they presented a plastic strain theory to outline the inter-
actions during contraction. Thus , the strain at or near the cooling 
solidus is responsible for the initiation of ' hot cracks '. So strains 
generated below the cooling solidus influence crack propagation only , 
and the plastic strain above it governs strain for ' hot cracking '. 
Figure 2 . 11 (adapted from I 32 I shows the high temperature behaviour 
of two steels, quite similar in mechanical properties (see Chapter 2) 
at room temperature . Both steels show nearly the same high temperature 
tensile strength . However, the ductility (or 1hot brittleness ' as 
the authors of that paper prefer to call it) at high temperature shows 
a remarkable diffe.rence , the QT35 being~ 40% more ductile than the 
HY80 at ~ 1100°c . 
The loss of ductility phenomenon has been studied, but seems to be 
a difficult one . LO\o/ I 180 I suggested it can be caused by quench-
ageing , and is a consequence of fast heating and cooling of the 
material . PROKHOROV et al I 181 I observed the development of macro-
scopic plastic strain in the base metal adjacent to the weld pool by 
watching t he relief patterns from on a steel coated with scale . They 
concluded that their point of initiation lies ahead of the fusion front . 
Microscopic strain distribution TJJas also observed through major grain 
displacements. 
The plastic deformation in regions of the HAZ vias also studied by 
KASATKIN and TSARYUK I 182 I, and they conclude that it has a sub-
stantial effect on its fine microstructure . Using interferogram, 
these authors detected slip shears due to displacements of the grains 
relative to one another (not to be confused with slip caused by crys-
tallographic shear within the grains) . Displacement among grain 
boundaries of the order of 100- 1 5~fo were detected. Moreover , there 
i s an accumulation of dislocations at the grain boundaries , with con-
sequently stress concent ration at these places . The authors I 182 I 
conclude that those micro- mechanisms can have a substantial effect on 
the physical and chemical properties of the HAZ, and do not make any 
noticeable changes in the structure, when analysed by the usual metal-
lographic methods. This assumption is also supported by OUDEN I 183 1. 
WEISS et al I 184 I found that an increase in the dislocation 
density has no effect on hot ductility , due to a larger number of re-
crystallization sites . 
The hot ductility can also be substantially lo11rered by the precipi-
tation of nitrides I 185 I or alloy carbides I 186 I, as well as by the 
precipitation of sulphides . 
A definite correlation between the loss of ductility in the HAZ 
and the total arnount of nitrogen and carbon i n interstitial solid 
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solution was found by OUDEN I 183 1. This author explains the fact 
through the dissolution of a significant amount of nitrides and car-
bides at the high temperature reached by the HAZ near the weld pool. 
Because there is a relatively fast cooling rate, some of the dissolved 
atoms .,,ill remain in solid solution. WILBERG et al I 187 I observed 
a loss of ductility in low carbon steels associated with decreasing 
Mn/S ratio . Later , is was minimised by an ' appropriate ' heat treatment . 
Exhaustion of ductility caused by cyclic strains was studied by 
SOEI'E et al I 188 I and DE CHAENE et al I 189 I, both groups using a 
moire fringe technique, but no conclusive explanations .,tere given. 
The determination of stresses and strains during welding has been 
relatively little studied , considering the importance of the phenomenen. 
JOHN and RICHARDS I 190 I made a theoretical analysis of the trans-
verse thermal stresses caused by the differential expansion and con-
tractions around the weld pool, as well as MORGAN-WARREN and JORDAN 
I 191 I, \'tho studied the relationship bet...teen cracking ~ composition 
and Helding speed. However, theoretical studies are not in themselves 
sufficient and JOHNSON I 192 I using a moire fringe technique charac-
terised the transient strain fields around the weld pool. He concluded 
that the straining around the are consists mostly of shear strain, being 
the normal strains much smaller . He also observed that the planes of 
maximum shear strains are oriented almost exactly parallel and perpen-
dicular to the weld bead, when sheets of aluminium alloy are TIG \'relded . 
In our op1n1on, CHIHOSKI I 193, 194 I made the most original and 
complete observati ons on the stress and strain on cracks during the TIG 
welding of an aluminium alloy. Particularly interesting is the fact 
that the increasing welding speed may increase welding cracking, but it 
may , toa, diminish it after some point . Moreover, he suggests that 
every alloy may have an optimum welding speed for a given set of con-
di tions . Another very irnportant conclusion tha t h e arri ved at \'tas : 
"the gap change rate is more important than the gap value itself. " 
Ris observations highlighted the irnportance of the right choice of 
welding parameters, and that the str ess fields ahead and behind the 
weld pool can, under come circumstances, be of the compression type . 
Further , a very complex situati on is created around the pool, but any 
extrapolation of the stress fields around it must be dane Hith great 
caution . Different materials, heat flow and process can cause radical 
changes in that pattern. Furthermore, a high energy input , high 
deposition rate process can profoundly alter the importance and position 
given by him to the stresses in cornpression or tension around the pool . 
The influence of the base material heat treatment and strength over 
the susceptibility to solidification cracking is a very unclear point 
not helped by the small number of works published on the subject . 
That it plays a fundamental role is not a matter of dispute, mainly 
among experienced welders who ' feel ' the problem in practice, but in 
general cannot explain it . So far, the most important work on the 
sub jec t is that made by GARLAND I 195 I, who \oras able to show that in-
creasing the yield strength of the base steel leads to a sharp rise in 
the solidification cracking tendency·, at constant chemical composition. 
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As his work was on mild steel (as received and strengthened by heat 
treatment) and on high strength C-~~-Si-Nb steel, research on HY Q & T 
steels is necessary . Incidentally, in one of the experimental parts 
of this investigation (Chapter 8) , we shall see an exploratory test 
which confirms the importance of the base metal stress state . 
Finally , we would like to summarise the works previously seen through 
an hypothetical example , which will emphasise our point . 
Thus, considering the facts seen on thermal properties , high ternper~ 
ature ductility, stress/strain fields around the weld pool , and how they 
interact among themselves . Now, considering two materials , similar in 
chemical composition and heat treatment , but possibly with different 
residual stress levels, and different amounts of nitrides , carbides and 
second phase particles and minor elements. During welding the evidence 
suggests that it is possible for the HAZ of these materials to show a 
different stress/strain response at high temperature and under rapid 
heating and cooling . Moreover, if at the trailing edge of the weld 
pool there was a tensile stress (or compression acting on a slightly 
different plane irt· each side) of the same magnitude for each, trying 
to ' tear ' the pool , it seems that it is possible for one. material to 
' relieve ' the HAZ more than the other, such that more strain is 
' absorbed ' and therefore there is less likelihood of cracking in the 
weld metal . 
4 . 5 Other factors 
Welding is such a complex process that it is almost impossible to 
find 0ne factor causing only one effect . From what we have seen up 
to now , any change in one welding condition (maintaining constant the 
others) has immediately, to a greater or lesser degree, at least the 
following recognised consequences : alters the spatial weld bead shape 
(Chapter 3); alters the extent of the constitutional supercooling and 
thus the solidification mode and the microsegregation distribution 
(Chapter 3) ; alters the weld metal resistance to solidification crack-
ing (Section 4 . 2 . 3); alters the stress/strain within and around the weld 
pool (previous section and Section 4 . 2); alters the weld pool solidifi-
cation time and thus the recovery of chemical elements and amount of 
fused slag (as we will see in Chapter 8) . 
It seems to ee elusive, therefore, to analyse individually all the 
conditions involved in the welding process, with the objective of 
completely establishing ~heir e ffects . However, general trends can be 
observed for some o f them, and i t is this vthat vte propose to do in this 
section. Factors like dendrite growth pattern and solidifcation rnode 
were already analysed in Chapter 3, and joint angle vtill be discussed 
in Section 9 . 4(i) . 
The influence of weld bead shape on solidification cracking is 
relatively vtell documented / 104, 105/ and the importance of the width 
to depth ratio is highlighted. However , a definite crack- no- crack 
boundary is not yet clear and perhaps it does not exist in a general 
form for all types of materials and welding processes. The reasons 
for that can be found in all the facts we have seen until now . A value 
greater than 1. 6 for this ratio is, in general , accepted as a starting 
point to inhibit cracking due to this factor . Also it has been 
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observed I 104 I that convex- topped welds are less susceptible to 
solidification cracking than concave- topped welds. The explanation 
would be that part of the solidification contraction can be accommodated 
from the overfi ll. Possible different dendrite orientation and its 
effect on solidification cracking tendency was not discussed by these 
authors , but seems to us this can be another cause . 
The weld bead shape is mainly dictated by the welding conditions. 
Despite the great importance of their individual action, only general 
trends are kno•:m. \fuen effects are compared to one another, dispute 
arises over the influence of 'tlelding parameters, as can be seen in the 
works o f APPS , GOURD and NELSON I 196 I and DRAYTON I 197 I . Moreover , 
the influence of the use of different fluxes can be greater than ex-
pected, and commercial brands show spectacular compositional changes 
through the years or even for different batches , as will be shown in 
Chapter 6 of this study. 
The increase in welding speed is often regarded as deleterious to 
solidifica tion cracking. However , as we have seen in the previous 
section , important works such as of CHIHOSKI I 193, 194 I suggest that 
there is not a straight relationship between speed and cracking. 
Rather , this is a complex parameter, at least with a double effect , and 
a fact novradays supported also by BORLAND I 106 , 107 1. 
The change in vrelding speed causes, at least, al terati ons in those 
factors mentioned right at the beginning of this section, and in the 
angle behreen the growing dendrites and the welding direction, changing 
the pool shape from tear drop shaped t o elliptical , or vice versa 
(Chapter 3) . So, there is some kind of ' balance ' among these factors 
when cracking does not exist . However , the exact determination of which 
one i s the dominant one is not an easy matter . 
BORLAND and ROGERSON I 198 I felt this difficulty when exam1n1ng 
the 1Patch ' test . They found that decreasing welding speed does not 
necessarily decrease the ' inherent ' (as they called it) crack suscepti-
bili ty. However , their conclusion \·Tas tha t i t 1 appears ' to increase 
the severity of the test . Now we could explain this increase in the 
severity of the test through the change in the pool shape leading to 
different strain fields , within and around the weld pool . Incident-
ally , the specimen test design is another factor to be considered, 
for it can induce changes in the vtelding speed (or other parameters) 
apparent influence on solidification cracking susceptibility. An 
interesting example of thermal analysis applied to sort out test speci-
men design effects on cracking is given by ROGERSON et al I 199 I when 
studying the 1Houldcroft 1 test . They concluded that, necessarily, the 
cracks produced in this test are of the solidification type, but that 
the cracking susceptibility is not proportional to the total crack 
length throughout the weld bead extension. BORLAND and ROGERSON 
I 200 I comparing the ' Patch Circular ' and the 1Houldcroft ' tests 
arrived at the conclusion that the latter is more susceptible to crack-
ing than the former . Hovtever, the 'Circular Patch 1 test seems to be 
closer to vrelding practice than the ' Houldcroft '. 
SAVAGE et al I 201 I in their study of HY80 bead-on-plate welds 
highl ighted the importance of the distribution of solute accompanying 
solidification. They found that high v1elding speeds leading to a 
I::· 
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tear-drop shaped pool is the HOrst condition for solidification crack-
ing. As they produced a constant width bead- on- plate weld, they said 
that it was ' unrestrained ' or having the same distribution of tensions. 
Firstly , even in this condition there is a stress field surrounding 
the weld pool , and it changes for different welding speeds as the bead-
on-plate .welds made by JOHNSON I 192 I have shown in the previous 
section . Their conclusion is important , but they did not isolate the 
phenomenon as they concluded. This is surprising for some years before 
SAVAGE and LUNDIN I 202 I developed a test (the 1 Varestraint ' ), in which 
the mechanical and metallurgical factors are almost totally independent~ 
However, it is felt t hat the Varestraint test is limited to the parent 
metal and results cannot be extrapolated to actual welding situations . 
TERRY and TYLER I 59 I reported an increase of sol idification 
cracking wi th increasing speed and a subsequent reduction at higher 
welding speeds , stating carbon as an element which affected the speed 
a t which crack-free welds could be made . They did not report, perhaps 
because at that time it was not well established , that this carbonlweld-
ing speed relationship seems to have strong links wi th the microsegre-
gation resulting from different solidification modes . 
The above result seems to be confirmed in part by the work of 
~1000AN -v/ARREN and JORDAN I 191 I v1hen studying TIG welds on sheets of 
low alloy steels. The highest practicable welding speeds produced 10\·J 
crack susceptibility in all cases they investigated. They also found 
a complex relationship between welding speed and steel composition 
acting on solidification cracking. Their conclusion was that there 
are two opposing effects due to an increase in welding speed, viz : an 
increasing length of the crack- susceptible zone behind the weld pool , 
and a reducing level of t r ansverse tensile stress behind the same pool . 
Up to this date there is not a complete understanding of the flux 
effect on solidification cracking. The matter is complex and further 
complicated by the general lack of prec ise information on flux chemical 
compositions and physical behaviour . 
T\.,ro ways fluxes can affect weld solidification cracking are through 
weld chemical composition and solidification pattern. Flux type 
affects compositional changes during weldin~ in a number of ways I 104 I 
and , for example , t he highly basic can reduce sulphur whilst the neutral 
bauxite can increase it . However, the same highly basic can r educe 
manganese as well, affecting the ~miS ratio . 
Also , oxygen content descreases as flux basicity increases I 203, 
204 1. This can have effects as regards either the deoxidation pro-
cess and further changes in chemical composition , or through mechanism 
not yet clear (see Section 4 . 3 . 1(h))on solidification cracking. In 
spite of these factors, BAILEY I 205 I did not find a simple relation-
ship betv1een flux basici ty and sol idification cracking , emphasis ing 
the fact that more than one effect is operating. 
Also the amount of gas evolved from the flux during welding can 
have an influence on the bead roughness I 206 I and welding cooling 
rate I 207 , 208 I and s eems that there is a correlation between the 
ripple surface lag and the weld solidification I 77 1 . 
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Another 'iray flux can act is through its physical properties, for 
its slag is part of the interfacial system of tensions discussed i n 
Chapter 3. Furthermore , the flux depth above the pool can influence 
the bead shape . An excessive depth may result in a narrow bead wi dth, 
which may increase the solidification cracking tendency . 
In Section 3.3. 3 (Chapter 3) we have seen some principles to modify 
the normal solidification process, and some works specifically concern-
ed with ways to reduce the solidification cracking tendency / e . g . 86 , 
90/. In general, are vibration, oscillation , etc., are effective 
methods to alter the weld solidification mode and also to overcome 
solidification cracking . 
4.6 Summary 
In this chapter 'ire have seen some of the most relevant aspects 
concerned with 'ireld metal solidification cracking in lmr alloy steels. 
This type of crack 'iras defined right at the beginning . It can be 
produced either by the combination of microsegregation leading to the 
presence of liquid films and stress/strain during welding , or by stress 
only and lack of liquid metal to fill the gap once it has been open 
through a susceptible ( micro ) structure . Its path is always inter-
dendrit i c, showing dendrites on the crack surface . 
The main theories on. the subject vrere revie'ired (Section 4 . 2) , viz: 
the 'shri nkage - brittl eness ' , ' strain ' and ' generalised ' . The 
latter seems to best explain the phenomenon when only considerations 
on factors acting within the pool are accepted. This theory claims 
that during the weld solidification stage there is a ' critical solidi-
fication range ' (CSR) in which relative movement of the liquid and 
soli d phases is impossibl e and ' healing ' cannot occur . Thus, the 
material will crack unless it can resist the strain at this high 
temperature . 
The developments since these theories were proposed were also re-
vievred . The influence of solidification mode and chemical composition 
was seen through the ' relative potency factor ' , \·rhich includes con-
siderations on freezing and constitutional supercooling. The import-
ance of interfacial _tensions 'iras highlighted. 
The chemical composi tion \•ras examined in some detail , through the 
individual and combined action of the elements on solidification crack-
ing tendency. Manganese was one element which deserved a relatively 
lengthy discussion, for new theories do not accept Mn/S ratio as being 
representative for its effect on sulphur . Instead, it is proposed 
Mn5js or Mn5js ratio, depending how the steel solidifies . Empirical 
formulae 'i/ere collected from the li terature, vrith the aim to predict 
or analyse how the elements are generally thought to inflaence solidi-
fication cracking. 
A relatively large amount of attention was given to the base metal 
around the weld pool and i ts effect on solidification cracking 
(Secti on 4. 4) . It can be concluded that this point is much more 
important than usually thought and that relatively little work has 
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been done on it . The facts showed the importance of base metal 
strength, heat treatment , residual stress level, and amounts of second 
phase particles (nitrides , carbides etc) on solidification cracking. 
The evidence suggested that sl ight difference in these factors between 
two materials can make them to show different response to cracking 
susceptibility. 
It is clear that the study of welding parameters influence on 
soli dification cracking is a difficult task , for any change in one 
of them ( maintaining constant the others) causes more than one effect. 
Wel d bead shape infl uences solidification cracking susceptibility 
mainly through its width to depth ratio and 'convex-topped welds are 
said to be less susceptible to solidification cracking than concave-
topped welds. Solidification contraction and different dendrit~ 
orientation are possible explanations for this effect . 
In spite of welding speed increase to be regarded as deleterious 
to solidificati on cracki ng , it is accepted that many factors are in-
volved (including compositional) and that it can increas e crack but, 
also, to reduce it after some point . This suggests that i t has, at 
least, a double effect . 
The f l ux effect on sol idification cracking is not completely cl ear . 
The ways it can affect i ts tendency are known : through chemical compo-
sition change and solidification pattern. However , changes in bas-
icity could not be simply related to solidificati on cracking tendency. 
This f act illustrates the complexity of the problem. 
Methods to overcome solidification cracking were revie\·led in 
Chapter 3, through the use of are oscillation , vibration etc . and v1ere 
not agai n discussed here . 
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Stage 1-Dendri tes freely dispersed in 
liquid. No cre.cking. 
Stage 2-Interlocking of gre.ins. ' li·. ,l_v 
hea.ling' possib1e if cre.cks form. 
'Accorruncdation ' not important. 
Stage J- C:ritica1 solidifi cation range. 
No ' hea.ling' of cre.cks possib1e if 
'accommcdation ' st1:11in exceed.ed . 
Stage 4-solidification. No cre.cking. 
a-c-e Bri tt1e range. 
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Figure 4.6 - Ductility in the I~Z of a Wnspaloy Weld During 
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5. WELD METAL TOUGHNESS AND ITS RELEVANCE : AN OVERVIEW 
5 . 1 Introduction 
In general, it is of little value to have a weld metal with very 
high resistance to defects such as solidification cracking , hydrogen 
induced cracking etc . , but very low mechanical properties. 
The achievement of the necessary strength in welds on High Yield 
Strength Quenched and Tempered steels (Chapter 2) proved not to be 
very difficult I 51. Toughness, however, showed up as a persistent 
problem. 
Therefore , before we begin the experimental part of this investi-
gation (next chapter) i t is v1orth pausing to reflect, however briefly 
on the general circumstances at vrhich weld metal tóughness is affected . 
This will permit us a better understanding on results to be analysed 
from Chapter 6 on. 
In these chapters the v1elds (multi and single pass) v1ere made using 
submerged are . As it is knovm, this is an automatic or semi - automatic 
process which allows highl y sophisticated metallurgical factors , such 
as reactions between slag and molten metal, to be manipulated towards 
practically any desirable v1eld metal property , in a wide range of depo-
sition rates. 
Hov1ever, this was not always so, and until 1961 the weld metal 
deposited by this process did not reach the minimum toughness required 
on HY80 steel I 5 1. The breakthrough carne in that year with the 
electrode- fluxes combinations developed by L~~IS, FAULKNER and RIEPPEL 
I 209 I, which provided weld metal with toughness even better than 
that deposited through the MIG process . 
Roughly speaking, the toughness of submerged are weld metal depends 
primarily on complex interactions between the following factors : (à) 
wire and base metal chemical composition; (b) cooling rate , and (c) 
type of flux . 
Of course, these factors v1ill affect the toughness through their 
apparent effects, viz . , primary (solidification) and secondary micro-
structure, residual stress, inclusions, elements in solid solution and 
precipitated particles. 
In a way compatible with an overview, in the following lines we 
would like to point out some of the major factors involved in the 
achievement of high toughness in weld metal deposited by the submerged 
are process . 
5 . 2 The flux factor and oxygen 
Basicity is a way to express the overall metallurgical effect of 
the flux and has been used for a long time in the steelmaking . One 
approach is based on the ratio of the sum of basic oxides to the sum 
of acid oxides . As this dimensionless number becomes higher, the 
more basic the flux is . As the flux becomes more complex , an immed-
iate problem is the (exact) definition of which are the acid or basic 
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compounds. However, we will not discuss this point here . Another 
method defines basicity as being the number of free oxygen anions o2-
which are one of the products of the dissociation of the oxygen com-
ponents of the flux I 210 I . Thus , according to the ionic theory ,-
basicity is expressed as the excess of o2- ions in 100 gr . of slag. 
The improvement on weld metal toughness with reduced oxygen levels 
through high flux basicity was recognised many years ago I 209, 211 I, 
as well as the MniSi ratio importance on weld metal cleanness I 212 1. 
However , the understanding of the principies involved in the flux 
influence was triggered off by the work of TULIANI , BONISZEWSKI and 
EATON I 203 I, who definitely proved t~e viability of submerged are as 
a process able to deposit weld metal with toughness superior to manual 
metal are . These authors proposed a new Basicity Index (BI) for the 
flux, considering fluorine present as CaF2 and , also as a basic com-
pound. The formula used is : 
BI = 
.. 
CaO + MgO + BaO + SrO + Na2o +K20 + Li20 + CaF2 + ~ (MnO+FeO) 
Si02 + i (Al203 + Ti02 + Zr02) 
Nowadays , this BI is \ofÍdely quoted and used in welding, probably 
due to its relative simplicity and reasonable balance of the compounds. 
In the experimental part of this study it ,,as the formula used for 
flux basici ty. 
In a very interesting reply to some criticisms on this formula, 
BONIS~vSKI I 213 I mastered a way to demonstrate the general validity 
of the assumptions there made, and to explain the relationships among a 
complex hypothetical funct ion Z = <f (deoxidants (wirelflux) energy 
i nput , microstructure~ with impurities and residuals (wirelflux), and 
flux basicity and i ts effects on weld metal toughness . Figure 5 .1 
shows ho,, these factors can be schematically assembled. Line AA'' shows 
that it is possible to have some toughness with fluxes of BI so differ-
ent as 1 and 3 , depending on the ' Z' value , while for a same ' Z' tough-
ness can have a wide variation as function of BI ( ' U' shaped curves in 
this figure) . 
There is some controversy on the ways ,,eld metals pick up oxygen, 
but it seems that it is not a simple function of the oxygen potential 
of the flux . Rather , as studies have suggested I 214 , 215 I, it is 
related to the stability of flux components. 
Figure 5 . 2 illustrates the data collected by EAGAR I 214 I relating 
to BI and oxygen in the weld metal . He calculated the former factor 
through the formula given above I 203 I, with and without CaF2 . As 
can be seen , the shape of the curve is only slightly shifted in value 
when CaF2 is not included in the formula, and this may be a reason to 
use this formula in this way, for assuming CaF2 as a neutral component 
is a fact supported by thermodynamic measurements I 214 1. Also in 
Figure 5 . 2 is shown that after some basici ty v alue (- 1.6 and - 1.2 in 
Figures 5 . 2 (a ) and (b) respectively),the oxygen level is constant 
( 250 ppm, or 0 . 025% )), not following the increasing in BI . To 
complicate even more this picture , the BI wi ll also affect silicon and 
~· 
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manganese recovery, desulphurisation etc . I 203 I, and carbon content 
of the filler metal and welding parameters can also affect oxygen 
I 216 1. 
The important work of GARLAND and KIRKHOOD I 217 I pointed out 
that. the energy input may overlap the metallurgical effect of the flux . 
At 7 . 6 KJimm, for ~ample, a flux with BI = 0 . 78 had higher Charpy 
V- notch fracture absorbed energy than a flux with BI = 3 . 0 for all test 
temperatures. They explained this behaviour based on the relative 
ease of microvoid coalescence in the two syste~s . Examining the welds 
made under basic flux only, they are much more clean and depend criti-
cally on cleavage resistance . At low energy input (1 . 9 KJimm) this 
cleavage resistance is good, for the microstructure has not upper 
bainite , little lath martensite and its size is (likely) relatively 
small . At higher energy input (7. 6 KJimm) , this microstructure has 
poor cleavage properties for it is coarser and it has been increased 
upper bainite and lath martensite content. So, in the matrix pro-
duced by low energy input the microvoid coalescence mode of fracture 
can be one of the factors involved in the fracture process , as temper-
ature is increased and it has good resistance to it at low test temp-
eratures due to its high cleavage resistance . However , at high ener~: 
input the microvoid coalescence mode will participate at very high 
temperatures only. A t lov1 test temperatures it will depend cri tically 
on the cleavage f racture mode, v1hich is very poor , as v1e have previous-
ly seen. In both cases , the welds made under acid flux are dependent 
on microvoid coalescence mode of fracture and will be more resistant 
to the impact test . However, in this same work I 217 I it was ad-
vanced a way to overcome this problem in the basic flux welding, using 
wires microalloyed with Mo- B-Ti . 
Therefore , the overall picture of flux effect on toughness is far 
from being complete, for certainly there are many complex interacti ons 
still not explai ned . 
5.3 The microstruc ture and chemical composition 
Sulphides and oxides are t he principal types of non- metallic in-
clusions found in welds. They affect the microvoid coalescence 
(ductile) fracture mode, as have been shown by HIIDERY I 218 I, and 
there is a general decrease in upper shelf Charpy energy absorbed with 
an increase in inclusion content I 219 I . 
The works of LEVINE and HILL I 220 I and CHOI and HILL I 221 I have 
shovm that the microstructural phases order of appearance as the 
temperature decreases in welds is: Grain Boundary Ferrite; Ferrite 
with aligned M-A-C (ferrite containing Martensite- Austenite or Carbide 
phases) ; Acicular Ferrite ; Pearlite ; Bainitic lath structure ; and 
Martensite . In Chapter 8 we will analyse these microconstituents but 
a detailed description for each of them may be found in the works 
either of ALCANTARA I 222 I or DOS SANTOS I 223 1. 
vfuen the frac ture mechanism is by ~leavage , the toughness may be 
increased by increasing the percen·i;age of acicul ar ferri te at the 
expense of other microconstituent(s) I 220 1. Thus , the lower shelf 
toughness depends on chemical composit ion, microstructure and yield 
strength , as can be assessed from DOLBY ' s work I 224 1. The oxygen 
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level is still very important because as ABSON , DOLBY and HART I 225 I 
have shown, the intergranularly nucleated Widmantatten ferrite 
(acicular ferrite) depends upon number, size and appropriated dispersion 
of oxide inclusions . The same author advanced some of the complex 
ways oxygen acts on the CCT weld diagram. Also COCHRJrnE and KIRK\o/OOD 
I 226 I have shown that oxygen can increase the ferrite nucleation rate 
and help lamellar ferrite ~ucleation at the austenite boundaries . 
From these works it can be inferred that there is an optimum range for 
high acicular ferrite content formation around 300 ppm (or 0 . 03%) of 
oxygen. 
There is still another microstructural effect on VJeld metal tough-
ness , as first pointed out by GARLAND and KIRKWOOD I 204 I through the 
deleterious formation of pools of martensite microphase, forming from 
austeni te entrapped beh1een ferri te plates. These authors also have 
made perhaps the first attempt to correlate, using vector models, 
metallurgical factors and toughness . 
As regard alloying influence on toughness, only general trends 
are kno ... m , for. the basic factor microstructure cannot be exactly 
foreseen due to interactions among the elements and different responses 
for different cooling rates I 96 1. In deposits not containing micro-
alloying elements, DOLBY I 227 I states that elements such as Mn, Mo , 
Ni, Si and Cr influence toughness in t...1o main ways : (a) particularly 
Mn , Mo and Ni promote acicular ferrite and eventually martensite at 
high alloy content ; (b) these elements increase yield strength as a 
result of the changes in microstructure and through solid solution 
hardening effects. 
However, it is not possible to have continuous improvement in tough-
ness by increasing alloying , for it starts to fall after a critical 
level is reached I 227 1. This i s due to the increase in yield 
strength by solid solution hardening and the promotion of brittle mar-
tensite regions which may segregate . 
Furthermore, as DOS SANTOS I 223 I pointed out for manual metal 
are , with the increasing in alloy content the microstructure becomes 
more sensitive to changes in chemical composition. 
The effects of microalloying elements on toughness seem to be 
strongly dependent on both , the addition level and other elements 
present in the metal . 
As will be seen in Chapters 6 and 8 , there is only one microalloy-
ing element that seems to be significantly different in both base 
steels there studied, and that is vanadium. From OOLBY ' s revieH 
I 228 I, amounts of up to 0 . 05% V combined with weld cooling time 
(800I500°C) less than 50s and deposits with Mn greater than 1 . 1% or 
alloyed with Ni , Mo etc. leads to a decrease in Charpy V- notch trans-
ition temperature . It is interesting to quote that this is basically 
the composition of s i ngle run welds on Q2N steels, with 5 times more 
vanadium than in welds on HY100 steel , and the cooling rate of all 
welds was less than 50s . 
In spite of all difficulties involved in its production, it is 
nowadays quite possible to have welds with relatively high toughness 
1:':· 
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as we will see in Chapter ?. However , it also will be shown the 
dramatic fall in toughness as the energy input increases . 
Having the capability to decide upon the microstructure , there is 
still another decision to be taken, as regards fracture toughness . 
One approach is to produce a structure resistant to initiation of a 
running brittle crack from any defect likely to be present . The other 
is to have in this structure areas capable of arresting a crack already 
propagating out of a localised region of low ductility. As KEELER and 
GARLAND reported / 229 /, it seems that at present the former philosophy 
is that adopted in offshore platform for oil production. 
5. 4 Summary 
This overview on weld metal toughness was directed mainly to sub-
merged are process, but the general principles are also applied to 
any welding process . 
Flux basicity is an important factor and , in general , basic type 
produces tougher welds . However, there is a cornplex relationship with 
energy input , which can overlap the basic.ity effect . The level of 
oxygen content i s, likely, an effect of the stability of flux components 
and has an important influence on the formation of the acicular ferrite 
microconstituents. High percentage of this mi crostructural phase leads 
to higher toughness at low temperatures. However, a t relatively high 
temperatures the fracture mede is through microvoid coalescence and 
inclusions exert the principal role . 
Microstructure and chemical composition have not a completely 
established relationship, for fac tors such as weld metal cooling rate, 
oxygen content and interactions beh1een the elements play an important 
role to decide the microstructural phases , and only general trends 
can be foreseen . 
The present philosophy seems to be to produce a structure resist ant 
to the initiation of a running brittle crack from any defect likely to 
be present . 
1:':· 
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Schematic Representation of the Complex Effect of 
Flux Basicity, Deoxidants in Wire and Flux, and 
Residuals in Wire and Flux on the Toughness of 
Weldmetal 1 213 1 
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BASICITY INDEX' 
Basicity Index Effect on Weld Metal Oxygen 
Content I 214 I (a) BI Calculated Through 
/ 20) / • . (b) BI Calculated Using the 
Same Formula, Wi thout CaF2. 
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6. MATERIALS AND EX, ERIMENTAL TECHNIQUES 
6 . 1 Equipment a-rui procedures description 
6 . 1 . 1 Metallography and microanalysis 
Hhen required , the polishing of the specimens was dane in the 
traditional way. The cut sections were flattened and roughly polished 
on emery paper under running water . Then they were polished in diamond 
paste from 6 microns to 1 micron (or 1/4 micron in some cases) . 
The etchants used and the names they were referred to are : 
Nital: A 2% solution of nitric acid in methanol . Used for 
general metallographic analysis of the secondary 
microstructure ; 
SASPA : a hot ( ~6o°C) saturated aqueous solution of picric 
acid and drops of 'Teepol ' (\•/etting agent) . Used to 
reveal the primary (solidification) macro/microstructure . 
Ammonium Persulfate : A 5% aqueous solution of ammonium persul-
fate . Used mainly to disclose weld metal microsegre-
gation and to show primary microstructures . 
Sodium Bisulfite : a two- stage etchant consisting first of very 
light nital etch , follo\o/ed by a 3% hot ( "'37°C) aqueous 
solution of sodium bisulfate and drops of ' Teepol ' 
(\vetting agent) . This two- stage etchant reveals weld 
metal alloy-rich pools and bands, and the unmixed zone 
at the fusion boundary / 79 / . 
The solidification cracking test welds had t he average dendrite s ize 
measured on a longitudinal centreline section (plane parallel to the 
welding direct ion) at half bead height . The SASPA etchant was used at 
a magni fication of x 100. The ' mean lineal intercept method ' was 
utilised for the measurements (1 mm line length) and not less than 200 
interceptions were counted in each weld . 
A Leitz Panphot microscope was used to perform the optical (light) 
metallography, with maximum magnification of 1,000 x. 
A Cambridge Stereoscan 600 Scanning Electron Microscope (SEM) \vas 
utilised for some metallographic studies on polished specimens, as w~ll 
as in all the fractographic research . It has a reso+ution of 250 J. 
and a range of magnification from 20 to 50,000 x . Attached to it there 
is an Energy Dispersive Analyser , which was used to identify some second 
phase particles, and in the trials to record some possible matrix segre-
gation. 
A Transmission El ectron Microscope (TEM) Jeol - JEM 200 B was used 
for insEection of the secondary microstructure . It has a resolution 
of 4- 5 Ã anda magnification range from 1 ,000 to 180 ,000 x . 
1:.· 
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6 . 1 . 2 Preheat , interpass temperature and plate preparation 
The submerged welds were made using a Hagglunds Type L SIT1200 
transformer rectifier rated at 84 KVA giving 1200 A, 44 V DC output , and 
a drooping static power characteristic . This uni t was connected to a 
Hagglunds HSA 150 voltage controlled wil'e feed system . The weldir!g 
head was held statiónary whilstthe tes t pieces were traversed beneath it . 
All specimens welded throughout this work were preheated at 120°C 
and those used for all- weld mechanical tests (multi pass) the intPr~ss 
temperature was maintained at 145°C. A 0 . 5 mm diameter chromel/·1lll!!!el 
thermocouple pair wa s flash vtel ded to the plate down face, 100 mm from 
the weld centreline , and a COWL~ Electronic Therrnometer Type 1602-3 
was used to control these temperatures . 
The preheat was obtained through the use of electrical heaters which 
covered all specimen surface, and complete thermal insulati on. For the 
solidification cracking specimens the heating rate was 45°Cih , whilst 
in the bigger plates used for mechanical tests , it was 30°C/h . 
The grooves were flame cut and smoothed by grinding . 
welding they v1ere brushed and degreased . 
6 . 1 . 3 Thermal analysis 
Just b1::1Iore 
Weld metal thermal analysis was performed using the wellknown 
technique of "harpooning", or injecting a thermocouple into the weld pool 
behind the welding electrode, as f i rst shown by GRANJON and GAILLARD 
I 230 1. Weld metal temperature measurements were made using a 0 . 5 mm 
diameter 3~fo RhodiumiPlatinum - 6% Rhodium/Plat i num thermocouples , heated 
in twi n- bore alumina insulation. In short, the electromotive force 
generated a t the thermocouple junction by t he weld pool heat is amplifiedl 
filtered . The signals are stored in a Transient Recorder DL 901 (DATALAB), 
whilst an oscilloscope (PHILIPS PM 3230) monitors this operation . The 
data are then coded through a paper tape punch (DATA DYNAMICS 1133 series) . 
Finally , a suitable compu ter program is run using the data which ~,orere 
previously fed into the computer from the punched paper tape . The cool-
ing curve and its first derivative are then generated and plotted. The 
equipment in present use was developed by RODRIGUES I 231 1. 
This technique is particularly difficult t o apply to submerged-arc 
welding for two main reasons : the large amount of flux covering the pool, 
and the fact that the thermocouple, in our laboratory, is hand implanted . 
Both problems make accurate and repeatable positioning of the ther mocouple 
within the pool very diff i cult . 
6 . 1. 4 Mechanical tests and hardness 
Mechanical tests and hardness were carried out on the multipass 
welds (Chapter 7) made exactly for this purpose , whilst hardness only 
wa s done on all single pass weld solidification cracking tests . The 
exact specimen positions in t he weld bead are shown in the related 
Chapter (7 and 8) . 
All- weld metal HOUNSFIELD number 17 (32 .1 mm gauge length ; 9. 07 mm 
diameter) standard tensile test specimen was used. The tests were 
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carried out at room temperature (-2o0c) in a SA~~ . DENISON & SON LTD 
machine , with 6 . 7 ton capacity. Two specimens were tested for each 
welding condition at a strain rate of 2 mm/min (0 . 033 mm/s) and followed 
BS 18 I 232 1. The specimens were taken from the weld centreline, with 
their centres located at the weld middle height . 
Charpy V- notch specimens were tested in accordance •11ith BS 131 
I 233 I for all welding conditions of Chapter 7 (multi pass welds), at 
temperatures of 20, O, - 20 , -40 , and - 80°C. The latter four temperatures 
were obtained through an appropriated mixture of acetone and liquiQ 
ni trogen . The specimens v1ere immersed in to this mi xt ure, and they wt:! re 
broken only 15 minutes after reaching the thermal equil ibrium. The tes ts 
were done using a pendulum impact tester manufactured by LOSENHAITSENV~, 
with a capacity of 217 ft-lbs (294 . 4 J). The temperature control was 
done immersing a chromellalumel thermocouple in contact with one specimen , 
using the same device described in Section 6 . 1 . 2 for preheat temperature 
measurement . The Charpy specimens were taken from the weld centreline, 
2 mm below the last run , and a detailed e:xplanation is given in Chapter 7 . 
A Vickers- Armstrong Ltd machine v1i th 5 Kg load and a 136° diamond 
pyramidal indenter was used for the hardness tests . They were done on 
transverse bead sections of each vrelding condi tion, at the middle bead 
heigh t and from top to bottom. The total number of indentations was 
- 25 for the multi pass (Chapter 7) and -1 5 for the single pass (Chapt er 8) 
welds. 
6 . 1. 5 Chemical analysis and dilution 
The chemical analyses were supplied by an independent l aboratory , 
utilising spectrography for the main 2lements. The analysed area on 
the specimen surface covered 78. 5 mm (a 10 mm diameter circle) . 
Nitrogen was analysed through a LECO TN 15 automatic determinator , and 
a LECO RO 17 automatic rapi d determinator was used for oxygen analysis , 
both inst ruments being connected to a LECO EF 10 furnace . It is knovm 
that the analysis of the latter two gases involves melting the samples 
in a crucible (usually graphite) and a carrier gas technique . 
The above referred to laboratory supplied the following list of 
' standard deviation ' (SD) for some elements: 
carbon : ! 0 . 01% 
silicon , manganese , chromium , nickel, molybdenum: ± 0 . 02% 
sulphur and phosphorous : ! 0 . 005% 
vanadium and niobium : + 0. 002% 
The weld dilution vras estimated through two different methods , viz , 
from macrophotography and from chemical analysis taking the nickel 
recovery as 1000fo. The latter process is highly reliable I 234 I, whilst 
the former shov1ed up a great errar ( "15%) in the areas measurements of 
known geometrical figure (rectangle) used to test its reliability. 
Many sources may be responsible for this deviation. Among them, 
different print enlargement each time the negative has to be used ; not 
uniform printer paper thickness ; errors due to weighing and paper 
sections not exactly cut . 
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Using the same known geometrical figures, areas were measur::d 
using a fixed arm Planimeter produced by ALLBRI T. The measured areas 
showed up errors as high as 25%. This kind of instrument has in~eneral 
a gliding correction for both axes (X and Y), but not this one in con-
sideration , which had only correction for one axis. This is believed 
to induce the high d~viation from the average value . 
Therefore, when chemical analysis vias available for the v1eld the 
dilution was estimated through it and Appendix A shows in detail how 
the dilution and related (small) error is obtained. Also in ~hat 
Appendix is found a derivation ;for the 1 expected 1 amount of any .':hemical 
element and its error . In this work the 1expected 1 amount is the one 
that would be obtained if r eactions of oxidation and reduction had not 
operated in the welding process . vfuen ehemical analysis was nnt avail-
abl e , the macrography was the technique preferréd to estimated dilution . 
6 . 1 . 6 Cracking and bead geometry measurements 
The bead and cracking dimensions were measured twice . First, a 
vernier was used on the actual specimens, for all welds had a size that 
allowed such measurements . Then, the measurements were repeated llli.i:ng 
a Vickers Projection Microscope , manufactured by Cooke Troughton & Simms . 
The three times magnification provided by this projection microscope , 
for our deception did not improve the results and they held within the 
error range of ± 0 . 5 mm. 
6 . 2 Base steels characterisation 
6 . 2 . 1 Chemical composition and mechanical properties 
All t he experiment a l work was carried out on two steel plates , each 
measuring 2 , 400 mm x 910 mm x 33 mm and denominated Q2N and HY100. 
The chemical composition and mechanical properties of both mat eri als , 
as provided by the sup~lier , are in Table 6 . 1 (notice that the el ements 
are given in ~vt% x 10- ) , t ogether wi th the US specification MIL-S 
I 235 I and ASTM I 236 1. One of the plates (Q2N) arrived with a 
relatively heavy distortion in part of its length (around 200 mm from 
one edge) and this portion was discarded . 
The comparison between the supplied and Cranfield analysis shov1s 
up a noticeable difference only in the amounts of carbon for both steels 
(being higher in the Cranfield analysis) and for aluminium (again, higher 
in the Cranfield analysis) . All other differences were considered too 
small to deserve comments. It is worth to mention that the element 
carbon was analysed three times (in two independent laboratories) in 
the Q2N steel and its level confirmed to stay within the range 0 . 15 - 0. 17%. 
Thus from now on 1 chemical analysis ' of parent steels in this work 
is defined by Table 6 . 1 (Cranfield analysis) and Q2N or HY100 steel to the 
plates in our possession on which the v1elds were made . 
As far as chemi cal analysis differences between both steels are 
concerned , attention is .drawn to t he elements carbon , chromium , nickel 
and vanadium. As seen i n Table 6 . 1 the Q2N steel has seven t imes mor e 
vanadium than the HY100 steel, which shows less nickel , but more carbon 
and chromium ( the differ ence of this last element being considered not 
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great at this range) . As we have seen when Solidification Cracking 
(SC) theories ..,.Fere described, perhaps more important than the content 
of each chernical element alone, it is the 'balance ' arnong them . This 
'balance' together with other factors already present ed, can have a 
profound i nfluence on the welds susceptibility t o 1SC 1 , and should 
always be carefully analysed. 
It is important to point out that there are some differences in 
chemical analysis between the quoted St andards and the actual analys is 
of both steels . The HY100 steel shows up carbon jus t on the maximum 
allowable by MIL- S-16216 (allowing the possible ' SD ' for minus ), as wel l 
as nickel, which is slightly above the ASTM A 543- B. On the other hand, 
the Q2N steel has manganese just on the maximum allov1able (consider ing 
its 'SD' for minus), and vanadi um, wh i ch i s well above (at this r ange ) 
of the maximum, both elements by MIL- S- 16216. The Q2N steel has other 
differences, when compared with ASTM A 543- B. The manganese is just 
above maxirnum limit, chromium is slightly beloH the minimum, vanadium 
is well above the maxirnum and nickel is 0.24% above the maximum alloHable 
by this standard. There is no reference in the above quoted Standards 
to the elements oxygen and nitrogen. 
On the mechanical properties side, folloHing the results given by 
the supplier, all of them far exceed the minimum Standards, noticeable 
being the relatively hi gh toughness values quoted for both steels at - 84°C. 
~he formula for carbon equivalent used is that developed by KIHARA 
et alI 237 I, and adopted by the NCRE (UK) as shoHn by WINN I 238 I· 
CE = C + 116 Mn + 1124 Si + 1140 Ni + 115 Cr + 114 Mo 
all elements in wt%. 
Thus, considering the Standard Deviation (SD) for each element: 
For the HY100 steel : 
For the Q2N steel: 
CE = 0.7~~ ± 0.02% 
CE = 0.74% ! 0.0~~ 
the difference (if it actually exists) is so slight that it does not 
deserve comment . 
6 .2.2 Metallography, inclusions identification and hardness 
Both steels Here carefully analysed through three distinct techniques: 
light microscope, Scanning Electron Hicroscope (SEM) and Transmi ssion 
Electron Microscope (TEM) . Furthermore, an Energy Dispersive Analyser 
Has used to identify inclusions and possible matrix segregation. 
The Q2N and HY100 microstructures (taken transverse to the rolling 
direction) are shown in Figure 6.1 and Figure 6 . 2 respectively . Etching 
in Nital and 100 x magnification shows up few details, but they give a 
general view of the second phase particle distribution and grain size . 
Some black spots on both microphotographies are just the result of a 
differential etching action, probably due to some chemical or metallur-
gical inhomogeneity. However , Figure 6 . 2 . (b) shows, at a larger mag-
nification , the central area of Figure 6 . 2 (a) Hhich seemed to hold some -
inclusions . In fact, relatively large second phase particles were 
found in the HY100 steel . The elongated ones measuring around 20 micros 
in length and the spherical shaped ones more than 6 micros in diameter. 
1::· 
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This fact confirrned forrner findings I 3 I that the HY100 steel has, 
apparently, a larger nurnber of inclusions than the Q2N. Colonies like 
this were not found in any of the sections taken from the Q2N steel. 
To confirm the origins of these inclusions, SEM and Energy Dispersive 
analyses v1ere perforrned on both steels. From an area as close as 
possible to that in Figure 6 . 2 (b)(which shows HY100 microstructure), a 
SEM image was recorded (Figure 6.3 (a) ) . Détails of it are shown in 
Figures 6 . 3(b and e) . Using the Analyser, ' rnaps ' showing elements 
distribution were made . Figures 6 . 3 (c and d) show the distribution 
of wanganese and sulphur respectively in the grey area. Furthermore , 
through the 1point 1 technique , the presence of titanium and calcium was 
detected in this same area. The amounts vtere 1 however , very small, not 
enough to be mapped . In the ' black ' portion of this complex inclusion 
there is a relatively large amount of aluminium and traces of magnesium. 
Figure 6 . 3 (e) (SEM ) shows another detail of Figure 6 . 3 (a ) (r ight 
bottom corner) and the aluminium trace can be seen in Figure 6 . 3 (f) . 
This is practically a pure oxide inclusion and no other elements were 
detected . Oxides of this type \otere found in the Q2N steel as well and, 
therefore, they can be taken as typical for both steels . Ho\o1ever , we 
were unable to find any colony in the Q2N steel , and in general the 
second ·phase particles of this steel Ylere smaller . 
The microstructure of both steels (Figures 6 . 1(b) and 6 . 2 (b))is 
typical of a quenched and r elat ively high temperature tempered loYI alloy 
steel. There is a ferritic matrix containing a dispersion of carbides, 
(as will be seen in the TEM) . The grain size , obtained by comparison 
Ylith ASTM charts, Y/as estirnated to be around number 9. 
Figure 6 . 4(a, b) shov1s the Q2N and HY100 steels microstructures, 
respectively. The technique nOYI employed ( ' pseudo- relief'), allows a 
better vieYI of the surfaces and highlights the fact that the ferrite 
lath like structure rernained (inherited from martensite) . Therefore , 
the t empering temperature for both steels was around 6oooc, for at 
higher temperatures the f erri t e should begin to recrystallize . 
Some difference in mi crostructure betYieen both steels became notice-
able at much bigger magnification . At the carbide level, as shown in 
Figure 6 . 5 (TEM), their size and distribution are clearly distinct . 
Figure 6 . 5 (a, b) gives a general vieYI, and at this magnification (x 4K) 
the HY100 steel (Figure 6 . 5 (b)) shows carbides distributed all around 
the surface , Ylhilst the Q2N shows them (Figure 6 . 5 (a)) sited mainly at 
grain boundaries , as confirmed at higher magnifications in Figures 6 . 5 
(c- e) . Moreover . the carbides in the Q2N seem to be bigger than in 
the HY100. 
A 1banding ' phenomenon in the microstructure was observed, and can 
be seen in Figures 6 . 6 (a, b) for both steels. The special etchant used 
discloses that heterogeneity and possibly the light bands are higher in 
alloy content than the dark bands I 79 I . However, we vlere unable to 
detect any chemical heterogeneity of this kind using our Analyser . 
Furthermore, caution must be taken Ylhen comparisons of these bands 
between the steels are done . After many et ches at different stages in 
our research , we concl ude that they cannot reliably be compared . This 
is because many factors are involved on the final resultant etching , 
making it just a qualitative one . 
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The average hardness of these steels was 277 HV5 for Q2N and 290 HV5 
for HY100. However , microhardness survey (300 gm) showed an a verage of 
271 HV for the 'white' band and 256 for the ' dark ' , in the Q2N steel . 
For the HY100 steel, these averages v1ere 280 HV for the 'whi te 1 band and 
290 HV for the ' dark '. 
6 . 2 . 3 Comments 
Both steels have a quite s imilar chemical composition and mechanical 
properties. H0'.1ever , a careful observation o f the final 1 balance ' among 
the elements leads us to a different point of view over the resultant 
effect of them. The Q2N steel has less carbon , and much more vanadium 
than the HY100 , the levels of nitrogen for both steels being nearly t he 
same . It i s shown by COOLEN et al I 239 I that the same yield strength 
can be obtained in t wo ways : without vanadium but a low finishing 
temperature, or with vanadium ( 0 . 05%) anda high finishing rolling 
t emperature . The second method is the pref erred , because better tensile 
and impact properties are obtained . 
It is possi ble that the Q2N has more carbon combined with carbon-
nitrides than the HY100 . It is kno•m I 28 I tha t a namber of alloying 
elements in steel can for m carbonitrides (or borides) which are thermo-
dynamically much more stable than cementite . As can be seen in Figure 
2. 2 I 28 I , the enthalpies of formation place the iron carbide as the 
least stable compound situated at the extreme right of the diagram. 
Thus , stronger carboni t ride former elements are Cr , Mo, V, W, Al and Ti . 
Consequently , cementi te wi ll normally only form when the carbon concen-
trati on exceeds that needed for those elements I 27 / . 
Thus , let us follO\., the idea advanced in Chapter 4 . There i t v1as 
said that carbide formers have a favourable influence in reduc ing the 
susceptibility of steels f or Solidification Cracking (SC) . Or , that 
fer rite stabilisers suffer the effect of elements like P and are promoters 
of •se •. In that chapter, too , was listed a number of formula e which 
are said to be a ' guide ' in relation to 'SC ' , being able there fore , to 
give us a ' hint ' on the resultant 'balance ' from the combined action of 
the elements . Thus , what follows is the direct application of three 
of those formulae , elected because they v1ere developed for use in high 
strength steels . Caution , however , must be taken when using these 
formula e . They were obtained under welding conditions, parent steels 
and consumables different from ours . 
( i ) The \oliLKINSON , CarTRELL AND HUXLEY I 133 I formula : 
Q2N steels : 
HY100 steel : 
HCS = 2. 9 
HCS = 4 . 4 
The HCS (Hot Cr ack Sensitivity) of the HY100 is greater than t he 
Q2N. Moreover , the HCS for the HY100 is above 4, the limiting value 
for satisfactory welding . 
(ii ) The CürTRELL I 168 I formula : 
Q2N steel: CSF = 74. 4 
HY100 steel : CSF = 102. 2 
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The CSF (Crack Susceptibility Factor) is above 20 for both steels, 
and this value is said to be the safe one for welding. Nevertheless , 
the CSF value for HY100 is 27'/o greater than for the Q2N . 
(iii) The MORGAN-WARREN and JORDAN I 139 I formula : 
Q2N steel : 
HY100 steel : 
CSF = 15. 6 
CSF = 23. 3 
Again the HY100 steel seems to be more prone to 1SC 1 than "!:l1..; Q2N 
steel (its CSF is 33% greater than that for the Q2N steel) . Notice 
that in this formula oxygen acts as a strong beneficial element . 
Therefore , by the analysis of the above results , the Q2N steel 
should shov1 less susceptibili ty to 1 SC 1 than the HY100 steel. Hovtever , 
these are empirical 1 hints 1 only and cannot be taken as definite answers . 
The carbide size , shape and distribution are clearly different 
between these steels , as we have seen. It is unwise to attempt the 
identification of carbides by their shape only , and the identificatiÓn 
(chemical and crystallographic ) of (probably) complex carbides and 
nitrides is a very time- consuming research without guaranteed positive 
results . Furthermore, this is not one of the objectives of our study 
on weldability. 
The Q2N steel shO't/S its carbonitrides , in general , to be bi gger 
than those in HY100 steel , and it does not have the very thin needle-like 
ali gned structures that the latter steel has . Furthermore , the former 
steel seems to have the carbonitrides mainly along the grain boundaries . 
DOLBY I 240 I i n his study of HY80 and QT35 steels has found t hat carbides 
distributed on all the surfaces are indicative of tempered martensite , 
as they are in the HY100. On the other hand , the same author I 240 I 
stated that carbides mainly at high angle boundaries can be due to mixed 
tempered martensite and bainite structures. In fact, there is a slight 
difference in macrohardness be tween the steels , the HY100 being the 
hardest . The microhardness survey confirmed this trend, but they con-
tradict one another in that for the Q2N the 1vlhi te 1 band is the hardest , 
whilst for the HY100 it is the 1 dark 1 which shows higher microhardness . 
6 . 3 Helding consumables characterisation 
6 . 3 . 1 vlires 
Wires from two different manufacturers were used throughout this 
'ITOrk : the OERLIKON S3 Ni Mo 1 (4. 0 mm diameter) , produced by 1 Helding 
Industries Oerlikon Buehrle Ltd 1 (Swi tzerland) , from novT on referred 
to simply as 10ERLIKON S3 1 , and the LINDE 95 , produced by 1Union 
Carbide Corporation - Linde Division 1 (USA) in tvTO different diameters 
(4. 0 mm and 1. 2 mm) . 
The wires 1 chemical analyses are shovm in Table 6 . 2 . The 1.2 mm 
diameter LINDE 95 vTas used for vtelds wi th 1 cold wire 1 addi tion and will 
be discussed in Chapter 9. Both 4 . 0 mm diameter wires have sho ... m some 
degree of kinking , higher than that normally expected for wires of this 
diameter , in the opinion of an experienced technical adviser I 241 l -
As this class of wire cannot be copper coated, special precautions 
against corrosion must be taken once the pack is open. 
- 8J -
There are striking differences in the chemical composition of both 
\oJires , as can be seen in Table 6 . 2 . There is more carbon , manganese 
and molybdenum in the OERLIKON S3 than in the LINDE 95 , whilst the 
latter wire has more nickel , silicon and chromium than the former. 
Fluxes 
Two types of agglomerated fully basic fluxes were used throughout 
this study . Both of them made by the same producer (OERLIKON) . One 
Dux is the wellknovm ' 0P41TT ' and the other the 10P121TT 1 , which con-
tains more carbonate(s) . 
Table 6 . 3 shows their specifications as drawn up by the producer. 
However , this Table shows up what the Basicity Index (BI) and the 
chemical composition should be . In fact , a quick look in the available 
fluxes chemical compositions l isted in the literature shows a different 
figure . Table 6 . 4 shows the Hide variation in chemical composition 
both fluxes experience , which reflects in their BI (Table 6 . 4(R) has the 
quoted References in Table 6 . 4) . So , Figure 6 . 7 (a) shows the trend 
pursued by the BI (OP41TT) through the years 1974 to 1980 , which in 
spite of the limited amount of data indicates that there is a definite 
tendency to higher basicities. For the OP121TT flux little data is 
available, but it shows differences in the BI in the range 2 . 6 to 3 . 8. 
It is noticeable that References I D, E I were taken from the same 
journal i ssue, and even so they show remarkable differences in their 
analyses . Furthermore , if v1e consider amounts of compounds, the di ffer-
ences between them can be as l arge as 4~~ (CaO , I D, G I) for the OP41TT, 
or 54% (CaO , / D, H I for the OP121TT . Just to illustrate these differ-
ences, Figure 6 . 7 (b) shows the amount of Si02 and CaF2 analysed through 
the years 1974 to 1978 by the quoted References . Again, it seems that 
there is a trend for higher CaF2 (BI ) percentage and lower Si02 . \o/e 
still have to quote that IB , E I shows exactly the same analyses , t he 
only difference being that I B I has 1. 29% FeO , whilst I E I has 1 . 2o/~ 
Fe2o3. 
Thus, there is a large difference in chemical composition (and BI) 
for these fluxes, in general not only for analyses made in different 
years , but probably for different batches. Despite this fact, these 
different fluxes have the same brand names , but worst yet , this 
1fluctuation 1 in chemical composition is not necessarily particular to 
the quoted fluxes . This indicates the difficult task when flux dependent 
welding properties must be compared , and the welds v1ere not made using 
exactly the same batch of f lux. 
Therefore, it seems that a complete f lux chemical analysis is an 
important datum , mainly if further comparisons are required . 
Only the chemical compos ition , however , does not completely 
characterise a flux . The amount of gas evolved from the flux at high 
temperature can have some influence on the bead roughness I 206 I and 
welding cooling rate I 207 , 208 / . Therefore, a simple experiment 
was carried out to assess the amount of gas(es) released at 950°C from 
each flux . Small amounts of each flux (OP41TT and OP1 21TT) were baked 
for 25 hs at 450°C. The furnace was then switched off, and the fluxes 
were left inside to cool down until the temperature dropped to 140°C. 
In the meantime, ten ceramic boats had been heated inside a furnace for 
6 hs at 1,000°C. Five samples were taken from each flux, weighing 
f:· 
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around 5 gm each . The boats (now at room temperature), as well as the 
flux samples , were weighed up to 5 decimals. Each boat was loaded with 
a sample and all ten were placed into another furnace for 1~ hs after 
to reach 950°C. After this time had been completed , the furnace "'as 
unloaded and the samples and boats were re-weighed . 
No 
but the 
loss of 
difference in we i ght wa s detected for the boats (as expected) 
fi v e samples from each flux h ave sho~,om the follo~,oling average 
mass (as a percentage of t he original weight) : 
+ 0.04 
- 0 . 02 Flux OP41TT : 0 . 62% 
Flux OP121TT: 1. 35% ~ 0 . 01 
Therefore when each flux is heated to 950oc gas(es ) is (are ) released 
from them. \·/e do not kno•1 which type of gas· is reacting. However, 
from our fluxes analysis compilation (Table 6 . 4), it can be seen that 
at least MgC03 , CaC03 , Li2co3 (OP41TT only), and KzC03 are compounds 
which can decompose at the conditions of our experiment . 
Thus, the important fact, 1,o1e think , is that OP121TT released more 
than twice the YTeight of gas than OP41TT. Hhether or not it means 
that during welding the heat lost through flux decomposition and gas 
released for each flux is actually proportional to the amounts we found, 
is a question YTe are not now prepared to give a categorical ans~,oter to 
without much more research on the subject . Unfortunately , this is not 
one of the immediate aims of our study. 
-------------------
Tnble 6.1- Chemical Compoaition nnd Mechanicnl Properties of HYlOO nnd Q2tl Pnrent S teel a 
-·- -------- -----
MECHANICAL PROPERTIES 
YS (0.2%) 
(li /mm2 ) 
IIYlOO (SUPPL~ER)* 761 
HYlOO (MIL- S-162116) 600/793 
~543 cla . 2 (ASTM) 690 min 
Q2N (SUPPLIER) • 735 
CHEMICAL COMPOS I TION (wt ':, x 10-2 ) 
c Mn 
I!YlOO (SUPPLIER) • 18.5 35 
lfYlOO (Cranfield)• 21 38 
HYlOO (MIL-S-16216) 20d 10/40 
A543 cls 2 (ASTM) 23d 40d 
Q2N (SUPPLIER) * 1 3.5 39 
Q2N (Cranfield)* 17 42 
Al As 
HYlOO (SUPPLIER)* 2.3 1.1 
HYlOO (Cranfiel d)* 3 -
HYlOO (MIL-S- 16216) - -
A543 ela 2 (ASTM) - -
Q2N (SUPPLIER) • 2 . 3 1 .3 
Q2N (Crari!ield)* 5 -
(*) Actual Valuea. Not Standard. 
(a) Not Speci fio d (Standard) or not Analysed, 
(b) Longitudinal. 
lJTS EL ned 11 ren 
(N/mm?.) (~. } ('X.} 
865 20 6!l 
a 18 sob min -
79 3/931 14 min -
B20 22 G8 
Si Ni C r Mo 
21 320 162 42 
23 328 1 55 45 
15/35 225/350 1 00/l BO 20/60 
20/35 260/325 1 50/200 45/60 
19 346 1 50 45 
17 340 142 50 
Cu Sn Ph Ti 
7 0,9 0,03 0,3 
9 < 1 - <1 
25 
- -
2 
- - -
-
4 0.5 0,04 0,4 
7 < 1 - < 1 
(c) For MIL-S-16216 and ASTM, P('X,) + S(%) ahall be 0.045% MAX 
( d) Maximuc 
Cv (°C) 
( j} 
172 (-81} 
6n <-10) 
4B (-12) 
210 (-8-1) 
v PC se 
0,8 1 0 , 7 
1 1,2 0, 7 
3 2.sd 2,5d 
3d 2d 2d 
7 0.7 0, 3 
7 0,9 0.5 
!ih Co :'{ 
0,24 1,3 -
-
2 <2 
- - -
- - -
0,05 0 , 5 -
-
1,8 < 2 
I 
o o N co 
n 
"' - - -
<0.1 0.3 1.7 
~ 
- -
<0 ,1 0.4 1.4 
Nl> F o 
-
Dal 
< 1 Dal 
-
Dal 
-
Dnl 
-
fial 
< 1 Dal 
Table 6:2 - Wires Chemical Composi t ion r..;t % X 10-2 ) 
Diam Designat ion c Si Mn p s C r Mo Ni Al B Co Cu Nb Sn Ti v 
(mm) 
4.0 LINDE 95-A 3 47 155 0.8 0.4 11 33 171 <ü < 0.1 1 . 2 < 1 0.2 1, 8 < 1 
4.0 OERLIKON-53 11 18 170 0.6 0.3 3 57 101 < 1 < 0 . 1 < 1 4 < 1 < 1 < 1 < 1 
1.2 LINDE 95-B 5 10 168 0.9 0.2 10 33 176 < 1 < 0.1 1 3 < 1 < 1 1 . 6 < 1 
Table 6.J - OP41TT and OP121TT Fl uxes: Producer SP.ecifications 
FLUX BI MAX . CUR GRAIN SIZE Si O C aO Al2o3 CaF2 (A) -TYPE (TYLER MESH) +TiO +MgO +MnO 2 
OP41TT 3.1 800-DC+ 8 X 48 10% 35% 20% 30% 
OP121TT 3 . 1 1200-DC&AC 8 X 48 15% 35% 20% 25% 
Notes: See Text and Table 6.4 
BI (Basicity Índex) as in (jj . This neference is together with those for Fluxes Analyses 
(Table 6.4(R)) 
w 
2 
< 2 
< 2 
~ 
TABLE 6.4 - ANALYSES OF FLUXES TAKEN FROM REFERENCES AS QUOTED < Wt% X u~ -,) 
.• 
F 
L R B 
u E I Si02 ,A.l 203 MgO Co. O FeO MnO TiD2 Co.F2 No.20 Li02 K20 Zr02 Bo.O Fe2D3 
X F [ J <S i > ( ,A. l) ( Mg > <Co.> <Fe> ( Mn} (Ti) <F> <No.> <K> < Zr > 
:~ 
1- ... (3 .BJ (56) (73) (223) (221) ( 13) - ( 3) ( 119) (5) - (6) (2) 
1- 8 (2 .GJ 137 196 290 125 . 8 12.9 1 5 180 4.2 3.2 7.6 
c (3 .0J 125 197 334 61 - - - 276 
I 
..... 
o (3 .GJ 103 181 355 59 23 1 7 265 7 
- 6 - - - ():) 
-..J 
v-
E (2 .GJ 137 196 290 125 . 8 - 1 5 180 4.2 3 .2 7.6 - - 12.9 
a.. F C3 .SJ 130 140 350 110 - 2 7 250 
o 6 (3 . 7] 108 162 244 140 22 < 1 6 283 27 - 8 
1- H (2 .9J 139 168 294 114 13 9 8 212 10 - 18 < 1 
1-
H (65) (89) ( 177) (190) (10) (7) (5) ( 103) (7) - (5) (< ,J. ) 
..... 
N 
..... I (3 .3] 134 142 400 110 17 8.5 5 144 9 
- 8 - 1* 
a.. 139 189 322 62 7 o c (2 .8] 8 8 251 8 - 8 - 1 
* Compound form Barium Carbonate Notes See Table 6.4(R) for References . 
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TABLE 6 . 4(R) - List of References as Quoted in Table 6.4 
I A I DAVIS,M. L.E, PARGETER ,R. J. and BAILEY , N. The Effects of Titanium 
and Boron Addi tions to Submerged-Arc Flu."<es on Weld Metal Chemi-
stry and Micros tructure. The \Velding Ins titute Res. Rep. 11611980 
Aug. 1980 . 
I B I KIRKWOOD ,P.R . a.nd CLARK,A. Mechanical Properties of Submerged 
- are Weld Metals after a Post-Weld Normalizing Treatment. Welding 
and Metal Fa.brication.42(12):427-435 . Dec 1974, 
I C I STILL, J.R . The Effect o! Titanium, Boron and Molybdenum additions 
on the Weld Metal Toughness in High Heat Input Welds. M.Sc.Thesis, 
C.I.T. , 1978. 
I D I TULIANI,S. S . A metallogra?hic study of ehevron craeks in submerged 
are weld metals. Welding Research Internntional.~(6):19-45, 1976. 
I E I KEVILLE ,B.R . An investigation to determine the meehanisms involved 
in the formation and propagation of ehevron eracks in submerBed 
are weldments. Welding Researeh International. .§_ (6) :4 7-66, 1976. 
I F I KIRKWOOD,P.R. and GARLAND,J.G . The influenee of vanadium on sub -
merged are weld metal toughness - 1. Welding and Metal Fabrication. 
45(1):17-28.Jan1Feb 1977. 
I G I NOOR ,M.A.B., NORTH,T.H. and BELL, H.B. Charaeteristie properties 
o f flux formulations used in submerged are welding. Welding and 
Metal Fabrieation.46(3):193-199. Apr 1978. 
I H I TERASHI MA ,H . and HART,P.H.M. Effeet of Aluminium in C-Mn Steels 
on Microstructure and Toughness of Submerged-Arc Weld Metal-Part 1. 
The Welding Institute Rep.,1982. 
I I I KEVILLE,B.R. and COCHRANE,R . C. Strain-induced hot eracking in 
ferritie weld metals. Trends in steel and consumables for welding. 
The Welding Int. Conf . .!_:519-530 , 1978. 
I J I TULIANI,S.S., BONISZEWSKI,T. and EATON,N.F. Notch Toughness of Com-
mercial Submerged-Arc Weld Metal. Welding and Metal Fabrication. 
37(8):327-339. Aug 1969. 
Eip,ure 
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(b) 
Q2H Steel Microstructure. Hit . (a) XlOO, 
(b) xsoo. 
(a) ( b) 
Figure 6. 2 - HYlOO Steel Microstructure ,Ni t, (a) XlOO, 
(b) xsoo . 
FIG. 6 . 3(a) 
FIG. 6.3(b) 
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' 
~· 
' • 
.. 
HYlOO SEM Image of Inclusions. General View 
o f Inclusions Shown in Figures 6. 3(b) and 
6.3(e). Nital, X lK . 
HY 100 SEH Image of Inclusions. Nital, X 5K . 
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F I C.. G . 3(c) r ( an~anese 'rtap for Inclusion Shown in f'i r.: ure 
fi.3 (b). 
nr.. n.3(<1) Sul}>hur ~.1an for Inclus ion Shown in :-:'ir.urr. 
() . 3 ( h) 
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FIG. 6 . 3(e) llY 100 SEM Image of Inclusions. Ni t al, X SK 
FIG. 6.3(f) Aluminium Map for Inclusions Shown in Fi gure 
6.3(e) . 
- ~ -
Figure 6.4 (u) - Q2N Steel Microstructure . 'Pseudo-Relief' 
Technique. SASPA, XlOOO. 
Ficure 6.4 (b) - IIYlOO Steel Microstructurc . ' Pseudo-Relief' 
Technique SASPA, XlOOO~ 
. 
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~ .. ,~ .. . _ .. ·_. 
(a) 
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(b) 
Figure 6.5 Tem Image . Carbon Extraction Replica . 
(a) Q2N Steel, (b) HYlOO Steel . 
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(c) (d) 
Figure 6. 5 - TEM Image, Carbon Extration Replica . X13K , 
(c) HYlOO Steel, (d) Q2N Steel. 
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Figure 6.5 (e) - Q2N Steel TEM Image. Carbon Extraction Replica 
'X14K. 
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( a) (b) 
Figure 6.6 - Steel Microstruc t ure. 1 Banding 1 Phenomenon. Ni t 
+ Sodium Bis. X32, (a) Q2N Steel , (b) HYlOO Steel . 
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7. ALL WELD ~lETAL (r1ULTIPASS) MECHANICAL TESTS 
7 . 1 Welding conditions and coding 
A series of submerged- arc multipass welds were made in order to 
assess all- \oreld metal impact and tensile properties of the consumables 
(Section 6 . 3) used throughout this study. A specially designed specimen 
(Figure 7 . 1), single V nearly vertical groove angle and vride gap surely 
can reduce dilution to the minimum, allo'tring the study of the weld metal 
only. 
We were limited to weld five specimens of those dimensions for 
each parent steel , and l ittle information is available on mechanical 
propert i es of weld metal of this t ype at the rel atively high 4 . 1 KJ/mm 
energy input . Thus , we decided on the following welding conditions 
(repeated for each steel) . · 
(a) 1. 9 KJ/mm energy input welds : 
\-/elding parameters : 30 V, 400 A, 6 . 3 mm/s 
Flux : OP41TT 
Wire : OERLIKON S3 
Weld code : WH/WQ 641 S4 
(b ) 4 . 1 KJ/mm energy input \orelds : 
Helding parameters : 34 V, 770 A, 6 . 3 mm/s 
b(i) - Flux : OP41TT 
Wire : LINDE 95 
\oleld code : WH/HQ 674 L4 
b(ii )- Flux: OP121TT 
Wire : LINDE 95 
\'Jeld code : WH/HQ 674 L1 
b(iii)-Flux : OP41TT 
Hire : OERLIKON S3 
Weld c ode : vB./WQ 674 S4 
b(iv) - Flux : OP121TT 
\Vire : OERLIKON S3 
\'Jeld c ode: WH/HQ 674 S1 
The 1weld code ' above referred to gives the welding condition by 
itself. Consider an example \ofeld coded HQ or \·ffi VAE XF : 
' \iH ' or ' WQ ' means weld on HY100 or Q2N steel , 
respecti vely 
' V' means welding speed : 6 = 6 . 3 mm/s 
' A' means welding current : 4 = 400 A 
7 = 770 A 
1::· 
1:_. 
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' E' means energy input: 1 = 1. 9 KJ/mm 
4 = 4. 1 KJ/mm 
' X' means wire type : L = LINDE 95 
s = OERLIKON S3 
'F ' means flux type : 1 = OP121TT 
4 = OP41Tr 
The following general observations are val i d for all welds : 
The slag detachability was good and the weld surface 
appearances were in general, smooth ; 
To fill up the joints 27 and 12 runs vrere necessary, 
for 1. 9 and 4 . 1 KJ/mm energy input welds , respectively 
For both energy inputs, each weld layer was composed of 
three runs , using the electrode at oo . 
The fluxes were baked 2 hs at 450°C bef ore use as a 
measure recommended by the manufacturer to have very lovr 
levels of moisture content, avoi ding hydrogen induced 
cracking due to it; 
The plates were preheated to 120°C and the interpass 
temperature was maintained at 145 ~ 5°C , also as a measure 
to avoid hydrogen induced cracking. 
7 . 2 Results and discussion 
7 . 2 . 1 Thermal analysis and metallography 
In spite of the difficulties to get a good ' harpooning ' (Section 
6 . 1.3) , the measured thermal cycles are reliable , as will be seen in 
Chapter 8. Therefore , they can give a fair indication of, at least , 
first and second transformation temperatures, and they can be associated 
with the microstructures order of appearance . 
In Figures 7. 2 and 7 . 3 are seen typical thermal analysis for 1. 9 
and 4.1 KJ/mm energy input Helds, respectively. The plotting of the 
thermal cycle is composed of tvlO curves, as expla ined in Chapter 6. 
The th i ck line is just the weld thermal history through the time, whilst 
the line marked vrith a 1 d 1 on it is its first derivative, vrhich accentuates 
the transformation temperatures. Besides the graphic there is a table 
with average cooling rate and time, for temperatures range of interesto 
As already shoVTn in the CCT diagrams (Chapter 2) for similar materials 
used in this research and in the metallographic analysis to be presented, 
the first (solid) phase transformation will happen in the temperature 
range of 1100 to 500oc . Therefore , special attention was drawn to the 
ranges 1100/800°C and 800/500°C . Furthermore, the time spent by the 
weld metal in the range 14o0/1000°C has an effect on the grain size mainly 
and it is given as Retention Time - RT (1000 ) . 
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Comparipg Figures 7 . 2 and 7 . 3 it is i mmediately seen that going 
from 1. 9 to 4. 1 KJimm energy input more than doubles the time spent i n 
the range 800I500°C, whilst the RT (1000) are nearly the same . This 
behaviour will be confirmed by all thermal analyses made throughout 
this work, and simply reflect the characteristic weld heat flow process. 
Thus, very high temperature coo?ing rates are only a ffected by very 
great changes in energy input . 
The estimated phase transformation temperatures (fi rst and s econd) 
and average cooling times, in the ranges 1100I800°C and 800I500°C for 
the 1. 9 and 4 . 1 KJimm energy input welds are found in the last two lines 
on Table 8 . 10 (Chapter 8) , together with specimens of that chapt er . 
The reason to place there these results is of pure coherence, for in 
that chapter a much broader discussi on of the subject v1ill be carried out . 
As regards metallographic analysis, vle cannot comment on it without 
considering further aspects , like chemical composition and weld thermal 
history. 
Firstly , we have to bear in mind that these are very low or nil 
dilution multipass welds . The single- pass welds crremical analyses will 
show (Chapter 8) that , probably due to the types of flux used, there is 
a small loss or gain in chemical elements . Therefore, we here assume 
tha t the present welds do not have great difference in chemical composi tion 
from the wires they Here \'Jelded . However, some differences do exist , 
for the different welding parameters induce distinct ' weld pool retenti on 
time ' , e . g . the available time to proceed the metallurgical reactions 
\'li thin the pool/ slag systern ( Chapter 8) . 
Furthermore , we remind the reader that a detailed metallographic 
analysis of each zone, from each one of the ten weld beads Hould be, 
by itself , a work as longas the present one , and this is not one of the 
main objectives of t he exercise . A more detailed metallographi c 
analysis is found in Chapter 8 , for single- pass welds. Nevertheless , 
thi s qualitative assessment of microconstituents follows the ABSON and 
DOLBY I 242 I proposed notation. 
\o/e can divide the metallographic analysis in to tv10 groups : 
(i) General aspects 
The typical bead shapes for 1 . 9 and lt. 1 KJimm energy input VJelds 
are shown in Figures 7 . 4 (a,b), respectively. From these figures at 
least three i mmediate deductions can be made : t he 4. 1 KJimm induces a much 
coarser microstructure than the 1. 9 KJimm energy i nput ; the 4. 1 KJimm 
has a greater HAZ than the 1. 9 KJirnm energy input weld ; both are visually 
sound welds . 
The microstructural zones of 1.9 KJimm energy input weld are seen 
in Figure 7 . 5 (a ) . A columnar one (not refined), followed by the first 
and second refined zones (coarse and fine), originated on the previous 
weld metal . After this fine microstructure begins the reheated (but 
not fully transformed) region of the lower run. If followed to its 
end it would show a similar columnar microstructure , above referred to, 
because the run is insufficiently deep to affect completely the previous 
one on which it \oras laid. In Figure 7 . 5 (b), taken from a 4 . 1 KJimm 
energy input weld, it is seen t hat a much wider and deeper run ·r.· 
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than one made by a 1 . 9 KJ/mm energy input . It is clear that this high 
energy input run develops a much coarser columnar microstructure, but 
at the same time it affects (tempering) a much bigger volume of metal 
under it . 
Obviously:, independe nt of vlire/flux combination , ali other 4. 1 KJ/mm 
welds folloH this trend. 
(ii) Details 
The main microstructural phases of the last run v1ill be shovm 
without , however , a detailed analysis of microphase regions among them , 
which clearly exist . 
Firstly , Figure 7 . 6 (a) shows the columnar zone of a 1 . 9 KJ/mm 
energy input \·leld (sp.\·/Q 641 S4) . Grain boundary ferrite , acicular 
ferrite and some ferrite with aligned M- A-C are the main microconstituents 
seen at this magnification. A detail can be seen in Figure 7 . 6 (b) , 
which shows grain boundaryferr.ite , acicular ferrite , some ferrite with 
aligned M-A-C, martensite (grey phase) , and carbides precipitated mainly 
along grain boundaries. This carbide precipitation was found in the 
4. 1 KJ/mm energy input welds columnar zone, too . 
In Figures 7 . 7 (a- c) can be seen microstructures at the columnar 
region of 4 . 1 KJ/mm energy input welds : Figure 7 . 7 (a) shows it for 
OERLIKON S3 wire and OP121TT flux (sp . HQ 674 Sq); Figure 7 . 7 (b) for 
OERLIKON S3 wire and OP41TT flux (sp. v/Q 674 S1); Figure 7 . 7 (c) for 
LINDE 95 \ofÍre and OP41TT flux (sp . WQ 674 L4) . The use o f OP121TT flux 
seems to induce higher amounts of acicular ferrite , but this possibility 
must be checked in a future research . 
The wire chemical composition effect is much less clear. Table Ó. 2 
(Chapter 6) shows the wire chemica l compositions and their differences 
were discussed in Section 6 . 3 . 1. As can be seen (Chapter 5), the 
balance of acicular ferrite promoters may well be equivalent. 
7 . 2 . 2 Tensile properties, hardness and fractography 
Figure 7 . 1 illustrates the posi tion in the •o'leldment from v1here the 
all- weld metal tensile specimens \olere taken, and Section 6 . 1. 4 gives 
details of both specimen and testing. 
Table 7 . 1 shows the average results for weld metal Eardness , Yi eld 
Strength (YS- 0. 2%) . Tensile Strength (UTS) , Elongation (EL) , and 
Reduction in Area (RA ), for all welding conditions , grouped by energy 
input and cooling time . 
I t can be seen that all properties are qui te homogeneous withi n 
each group, mainly hardness , elongation and reduction in area. It was 
expected to be so, since they should not sh0\·1 great differences in chemi-
cal composition. 
The 4.1 KJ/ mm energy input group were found to be ~O HV5 harder 
than the 1. 9 KJ/mm welds. So , yield strength and tensile strength 
are the highest for the same 4 . 1 KJ/mm energy input , as illustrated 
comparing welds in the two groups vthich use the same OERLIKON S3 wire 
and OP41TT flux , viz : specimens \.JH/WQ 641 S4 in the 1 . 9 KJ/mm energy 
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input group with specimens WH/HQ 674 S4 in the 4. 1 KJimm energy input 
troup . In consequence, elongation and reduction in area are the best 
for the lower 1. 9 KJi mm energy input . 
The hardness results can be explained through the microstructure 
size effect, for the 4. 1 KJimm energy input welds have shown it to be 
much coarser than the 1.9 KJimm ones , as seen in Section 7 . 2 . 1. The 
yield and tensile strength behaviour can be much more complex. Factors 
like the greater tempered area caused by the subsequent bigger runs of 
the 4 . 1 KJimm energy input welds can increase these two properties, or 
complicate interactions between microstructures and the microvoid 
coalescence mode of fracture can also lead to these higher figures . 
Nevertheless, the li terature shows examples where the \•teld metal yield 
strength increased from 2. 0 to 4.0 KJimm energy input~ and then decreased 
•ti th subsequent increase in energy input I 217 I , or it varied randomly 
with energy input (1 . 2 to 4. 4 KJimm) , as put by its authors I 2431. 
Values in Table 7 . 1 were averages o f t...ro specimens by welding con-
di tion, and the data did not show any significant difference betvreen 
similar welds made on HY100 or Q2N steels (as expected from the very lovt 
or nil dilution) . Therefore , the minimum and maiimum values for each 
property were plotted in Figures 7.8 (a- e) . Thus, each bar in these 
figures shows the lowest and the highest value for the considered proper-
ty and welding condi tion (as sho•m in the coordinate axis) . 
As regards the very i mportant yield strength property, Figure 7 . 8 (a) 
shows that the best range is found combining OERLIKON S3 wire and OP121TT 
flux at 4. 1 KJimm energy input (sps. WH/\•JQ 674 S1) . These specimens 
also have shown good to excellent el ongation (Figure 7 . 8 (c)) and 
reduction in area (Figure 7 . 8 (d)) and the best range for tensile strength 
(UTS), as seen in Figure 7 . 8 (b) . 
These results mi ght be due to difference in wires chemical analysis 
(Table 6 . 2 ) and flux behaviour (Section 6 . 3 .2). The OERLIKON S3 •rire 
has higher carbon level than the LINDE 95 and its MniSi ratio is 9. 4 , 
much greater than the 3 . 3 value shown by the LINDE 95 wire. Carbon 
increases yield strength and UTS (Chapter 5) . This higher MniSi ratio 
means that it is likely that the OERLIKON S3 wire produces weld deposits 
much cleaner than the LINDE 95 wire I 212 1. Therefore , being the 
inclusion volume fraction of such v1elds with OERLIKON S3 wire very lov1 , 
the energy required to initiate microvoid coalescence mode of fracture 
is very high I 217 1. Furthermore, the OP121TT flux might exert a 
refining action on the microstructure , if its ability to extract more 
heat from t he are than the OP41TT flux is confirmed. This beneficial 
action is again shown up by the yield strength range observed for Helds 
made at the same conditions , but f lux (compare specimens WHIWQ 674 S4 
with specimens vJHIHQ 674 S1) . 
Figure 7 . 9 (a) illustrates the general great ductility , shovm up by 
the welds. In this figure, two broken pieces of a tensile test specimen 
were assembled , while Figure 7.9 (b) shows the ' cup ' and ' cone ' fracture . 
A best view of these fractures is given by the SEM in Figures 7 . 10 (a,b) , 
whils t Figures 7 . 10 (c) characterises its microvoid coalescence mode of 
fracture . Notice that i n most of the dimples the small particles that 
initiate the voids are visible, highlighting the inclusions importance 
on the fracture process . 
1:.· 
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? . 2 . 3 Impact and fractography 
Figure 7 . 1 shows the position of the Charpy specimens 
ment . As they were taken 2. 0 mm below the last run their 
of course , will change for different energy input welds; 
and testing details can be found in Section 6 . 1 . 4. 
in the weld-
exact position, 
Specimen 
Figures 7 . 11 (a- e) show impact transition curves for all welding 
conditions, ,.,hich are given in the upper left corner of each figure . 
From these figures it is clear that there is no practical difference 
in energy absorbed for specimens taken from welds on HY100 or Q2N steels . 
This is due to the welds very low or nil dilution . Another striking 
deduction is that 1 . 9 KJ/mm energy input welds have shown the highest 
values for energy absorbed in all test temperatures. 
The energy input effect can be best seen comparing Figures 7. 11 (a,b ) 
in so far they use the same OP41TT flux and OERLIKON S3 wire, but ,.,ere 
welded at 1. 9 and 4 . 1 KJ/mm energy input , respectively. 
In the same way we previously used the barchart to analyse tensile 
properties , we use it now for impact results. Figures 7 . 12 (a-e) show 
the lowest and the highest value of energy absorbed for each weldi ng 
condition, at each test temperature . As can be seen, the spread in 
energy absorbed values is high , mainly from 0° dovmwards. Among the 
4. 1 KJ/mm energy input welds, at - 4o°C the lowest impact value (54 J) 
is given by the OERLIKON S3 wire and OP121TT f l ux combination (sps . v..'H/HQ 
6?4 S1), as can be seen in Figure 7. 12 (d) . However , dueto the spread 
in results such values need many more experiments before to be statistic 
significant . 
The fine ,.,eld microstructure produced by 1. 9 KJ/mm energy input was 
already seen in Section 7 . 2. 1 and it can be responsible for the high 
toughness level shown by these ,.1e l ds . 
The LINDE 95 ,.1ire has higher nickel level tha t the OERLIKON S3, 
and this could be a cause of the apparent better toughness shown by the 
welds ... rhich use it . Ho,.Tever, no defini te ,.rire influence on toughness 
can be assessed ; perhaps due to chemical composition balance (Sect i ons 
6 . 3 . 1 and 7 . 2 .1), or the microstructure degradation provoked by the high 
4. 1 KJ/mm energy input (from which comparisons could be made ) . 
Transition in crystallinity is illustrated in Figure 7 . 13 for 20, 
-40 and -8ooc, respectively. Apparently , this is the behaviour followed 
by all welds , with large shear lips besides the fracture surface at the 
highest temperature . The fracture mode is well characterised through 
SEM. Figure 7 . 14 (a) shows the microvoid coalescence type of fracture 
for Charpy specimens broken at 20°C. In many dimples the micro par-
ticles that initiate the voids are clearly seen. At - 80°C quasicleavage 
fracture mode actuates , with ill-defined cleavage facets, as shown in · 
Figure 7 . 14 (b) . 
Therefore , the weld rnetals investigated in this study change their 
fracture mo de to quasicleavage only belo\·1 -4ooc, but before or at - 80°C . 
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7-3 Surnrnary 
In arder to investigate mechanical properties of the consumable 
used throughout this work, ten welds were successfully made , five on 
HY100 and five (repeated) on Q2N steel . 
The welding energy inputs used were 1. 9 KJ/mm (one wire/flux comb n-
ation only) and 4 . 1 KJ/mm (four wire/flux combinations), and the groov~ 
preparation allowed a very low or nil dilution . Thus, the emphasi s 
was placed on the highest energy input because it has the less known 
behaviour , using these consumables . 
The all-v1eld metals v1ere tested for tensi le properties, impact and 
hardness . Furthermore , metallography and thermal analysis were carried 
out . 
As expected, the 4 . 1 KJ/mm energy input v1elds have shown a much 
wider and deeper run and coarser microstructure than the 1. 9 KJ/mm. 
However, it is also true that this higher energy input affects (tempering) 
a much larger weld metal volume under it . 
Bother energy inputs last run main microconsti tuents v1ere grain 
boundary ferrite, acicular ferr i te, ferrite with aligned M-A-C, marten-
site and carbides around grain boundaries . Therefore, for 1. 9 KJ/mm 
energy input grain boundary ferrite and acicular ferrite appear and 
develop in the ranges 600- 5100C and 510- 470°C , respectively , as given 
by the thermal analysis . For the 4. 1 KJ/mm these same microconstituents 
have a higher phase transformat ion range temperatures : 69Q- 600°C and 
600- 540°C, respectively. 
There is a slight indication that the OP121TT flux is a stronger 
prometer of acicular ferrite thatn OP41TT, but this is not a definite 
conclusion. 
The wire effects were not clear . As each one has acicular ferrite 
elements promoters , a balance of their effects is suggested . 
Tensile properties and hardness average results are shovm in 
Table 7 . 1 , whilst Figures 7 . 8 (a- e ) shov/ the minimum values for each 
property. 
Comparing welds using the same wire/flux combination , but different 
energy input , the 1. 9 KJ/mm welds have shown the best elongation and 
reduction in area. The 4 . 1 KJ/mm energy input v1elds have shown the 
highest hardness, yield and tensile s trength. 
To explain the 1 . 9 KJ/mm welds higher elongation and reduction in 
area (and lowest hardness ) , their smaller microstructure size is 
suggested as a cause . 
The yield and tensile strength increasing from 1 . 9 to 4 . 1 KJ/mm can 
be resultant of the larger tempering effect of the latter energy input, 
or from complex interactions between microstructure and fracture mode 
(microvoid coalescence , as assessed t hrough SEM) . 
Among welds made using the same energy input (4.1 KJ/mm) OERLIKON S3 
wire and OP121TT f l ux have shown the best r ange of yield and~~ensile 
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strength, and also good to excellent elongation and reduction in area. 
These results are suggested to be caused by the likely , much cleaner 
weld metal deposited by the OERLIKON S3 wire , for its Mn/Si ratio i s 
9. 4 , much greater than the 3 . 3 of LI~ID3 95 , and also because the former 
wir e has a higher carbon content . 
The OP121TT flux probably exerts a refining action, superior to 
OP41TT , if its ability to extract more heat from the are is confirmed 
and if it actually is a stronger promoter of acicular ferrite than the 
OP41TT (being the latter condition, probably , consequent from the former) . 
The impac t transi tion curves for all welding condi tions are shmm 
in Figures 7. 11 (a- e), whilst Figures 7. 12 (a-e) shovt the ranges of energy 
for each test temper a t ure . 
Comparing vtelds made at different energy inputs , but the same wire/ 
f lux combination , the highest energy absorbed at all test temperatures 
is shown by 1. 9 KJ/mm. The finer microstructure size is again suggested 
as a cause for this r esult . 
At -40°C and 4. 1 KJ/mm energy input , the best range in toughness is 
achi eved by that weld using LINDE 95 wire and OP121TT flux . This wire 
has higher nickel content than the OERLIKON S3 , and this difference 
might be a cause of its best toughness . However , due to the spread in 
energy absorbed, more tests must be dane before a definitive conclusion 
can be r eached. 
The wel ds fracture mode t ransit i on from microvoid coalescence type 
at 2ooc to complete quasicleavage happens at some point below - 40°C, but 
before or at - 8ooc. 
' 
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TABLE 7.1 WELD /.lETAL MECIIANICAL TESTS (MULTIPASS): TENS!LE 
PROPERTIES, COOLING TH!E AND IIARDNESS. 
ENERGY INPUT: 1. 9kJ/mm AVERAGE COOLING TLUE 
o 
1100-800 C: 5.98 
800-500°C: 20.58 
Weld YS(0.2%) UTS El R.A. HARO..'fESS 
Co de (Njmm2) (N/mm2) (%) (%) (HV5) 
WH64184 5!.)4 641 46 75 224 ± 8 
WQ641S4 601 653 31 72 229 ± 8 
ENERGY INPUT: 4 . 1kJ/mm AVERAGE COOLING TH!E 
1100-800°C: 10.48 
o 800-500 C: 45.!)8 
Weld YS(0.2%) UTS E1 R. A. HARDNESS 
Co de (N/mm2) (N/mm2) ( %) (%) (HV5) 
WQ674L4 630 716 27 68 251 ± 8 
WH674L4 615 714 28 65 253 ± 7 
WQ674L1 616 734 28 67 246 ± 9 
WH674L1 624 732 29 67 25!) ± 4 
WQ6 74S4 609 709 27 66 251 ± 11 
\'IH674S4 603 720 28 67 263 ± 8 
WQ674S1 627 733 28 66 251 ± 9 
WH6 7481 624 714 28 69 250 ± 8 
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(a) 1.9 KJ/mm energy input welding. 
(b) 4. 1 KJ/mrn energy input welding 
FIG. 7. 4 
• 
Transverse Weld Bead Section Macrostructure. 
Nital, X 1. 
( r_. 
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(:1 ) Sp. WQ 641 S4 ( 1. 9 KJ/ mm ) 
(b) Sp. WQ 674 S4 ( 4.1 KJ/rnm) 
FI G. 7.5 Three ~Ucrostructura1 Zones . 
Nita1, X 50. 
FIG. 7.6(a) 
FIG. 7.6(b) 
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Columnar Zone of Sp . WQ 641 S4 
( 1.9 KJ/mm ). Nital, X 200. 
Detail of (a). Grain Boundary Ferrite ( GB ), 
Acicular Ferrite ( AF ), Martensitc ( M) , 
Fcrri te wi th al igned 1.f-A-C ( FC ) , nnd Carbi des 
( C ) Precipitnted mainly alon Grain Boundnries. 
Nital, X 1000 . 
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FIG . 7 . 9(a) All Weld Metal Tensile Specimen Pieces 
Assembled After Test. X 1. 
FIG. 7.9(b) 'Cup' and 'Cone' Fracture Sur!aces 
Macrophotograph. X 1.4 
FIG. 7.10(a) 
FIG. 7.10(b) 
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SEM View of the 'Cone' part. Tensile 
Specimen. X 20. 
SEM View of the 'Cup' part. Tensile 
Specimen. X 20. 
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EIG. 7. 10 (c) Micro-Voids on the 1 Cup 1 Surface F ractured 
Tensile Specimen. The Particles Which 
Initiated the Voids are Visible. SEM, X 51<. 
FIG. 7.13 Examples of Fracture Surface Degree of Cry5t all~nity 
for Charpy Specimens Tested at 20, -40 and -BO C. 
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(a) 
(b) 
FIG. 7.14 General Fracture Mode for Cha~y Specimens 
o SEM, X 2K. Tested at: (a) 20 C . Micro -
o 
-Void Coalescence Type. (b) -80 C. Quasi -
cleavage, with 111-defined cleavage Facets. 
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8. WELD METAL SOLIDIFICATION CRACKING TESTS 
8.1 \·/elding conditions and coding 
To investigate root run 1,o1eld metal solidification cracking suscep-
tibility , a series of single pass submerged are welds was made. All 
fluxes , wires and base metals described in Chapter 6 were combined and 
used at different welding parameters. 
The weld specimen geometry selection was not s traightforward. The 
main aims were to: obtain repeatable geometry ; induce consistent and 
reproducible weld metal cracking; have some similarity with practical 
conditions . Furthermore, it was desirable (as always it is ) to obtain 
these conditions without excessive expenditure of money or labour . 
Therefore, the proper choice involves technical and economic consider-
ations . 
The literature lists many weldability tests I 244 , 245 I, for example . 
After a critical analysis, however , we conclude that they are directed 
to very specific conditions, or base metal study only I 202 /, and in 
general not suitable for submerged are process due to operational 
problems . 
Therefore , 1,o1e had to design our o ... m test specimen and after some 
initial trials investigating hydrogen induced cracking (Chapter 1) He 
decided on the geometry seen in Figure 8.1. It almost entirely satisfies 
our conditions. The high restraint is provided by the anchor (MMA and 
MIG) welds and stiffeners , vthilst the 60° groove angle seems to intensify 
this restraint (Chapter 9) and it is used in the wellknown NRL keyhole test . 
Handling i s another point to be considered, and in spite of the 
final specimen relatively heavy weight ( 36 Kg), it is still manageable 
by one man. 
To have a constant amount and shape of flux, a special asbestos 
container was al.,.1ays placed on the specimen dur ing .,.,elding . I t .,.1as a 
rectangular box , with a special geometry to allow the run offlon tabs 
covering as well . Its (inside) dimensions were 70 mm x 500 mm and 
variable height, from 25 mm on the base plate to 35 mm at the run offlon 
tabs. The optimum flux height was established as 20 mm above the plate 
level. This gives an approximate volume of 800 cm3 and vteight of 1. 7 Kg 
of flux inside the box. 
The complete set- up is shown in Figure 8 . 2 . It must be noticed 
that connected to the welding head there is a s mall component , which is 
not part of the normal system for submerged are weld. This is the 
mechanism for wire oscillation and it will be explained in Chapter 9. 
It can also be seen that the welding head is rotated 90° from the position 
the welds in the present study were made . Again, this rotation was 
necessary to make the longitudinal (welding direction) oscillation and 
will be justified and explained in Chapter 9. 
Based on practical considerations, gap widths (nomia~lly 2 . 0 mm) 
were only accepted within the range 1 .7- 2. 2 mm , being not realistic 
a narrow range . The numbers of rejected specimens due to this 
(assembly) problem were relatively lov1 (5 specimens), and they were 
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used after repair . The number of discarded specimens due to operational 
error or welding problems was also relatively small (6 specirnens) . 
The chosen welding conditions are shovm in Table 8.1 . For easy 
reference to each one, a special coding was developed, similar (but 
extended) to that used in Chapter 7. The reading ,of this chapter will 
be less hard if this code is understood . Therefore, consider an example 
weld coded Q or H VAE XF: 
' H' or 'Q' means wel ding on HY100 or Q2N steel , 
respectively 
'V' means welding speed ( it can be given by one or 
tvro digi ts) 
6 :::: 6. 3 mm/s 
9 = 9. 5 mm/s 
13 = 13. 8 mm/s 
' A' means wel ding current: 
4 = 4oOA 
6 = 600 A 
7 = 770 A 
' E' means energy input : 
1 = 1. 9 KJ/mm 
2 = 2. 8 KJ/mm 
4 = 4. 1 KJ/mm 
'X' means \-rire type: 
L = LINDE 95 
s = OERLIKON S3 
'F' means flux type : 
1 :::: OP121Tl' 
4 = OP41TT 
Therefore, if there are seven digits in the code , the speed will 
be 13 . 8 mm/s (13) , otherwise the speed is a single digit and will be 
6 . 3 (6) or 9. 5 mm/s (9). So , for exampl e: 
- H 641 L1 is a weld on HY100 (H), and \olelding con-
ditions : 6 . 3 mm/s (6); 400 A (4); 1. 9 KJ/mm (1); wire LINDE 95 (L); 
flux OP121TT (1). 
- Q 1371 S4 is a \oleld on Q2N ( Q), and welding con-
ditions : 13.8 mm/s (1 3); 770 A (7) ; 1. 9 KJ/mm (1); wire OERLI KON S3 (S); 
f lux OP41TT (4). 
1::· 
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To assure hydrogen induced cr acking free welds, all specimens were 
preheated to 120° using the system and control explained in Section 6 . 1. 2 , 
and the fluxes were baked for 2 hs at 450°C . Section 6 . 1. 2 also describes 
the groove cutting and cleaning . The contact tip-workpi ece distance 
was 30 mm. 
The lowest energy input of 1. 9 KJimm was c hosen because i t is ·.-~ithin 
the recommended range to weld this class of steel I 246 I and it is 
l argel y used in practice . The 2. 8 and 4. 1 KJ/mm energy inputs are 
justifiable , for little inforrnation is available on their use . It is 
necessary to know the behaviour of the present weld metals at higher 
energy inputs , for they are not used on this class of steels due to the 
HAZ to~ghness degradation only. As a consequence, relatively little 
Hork .,.,as done up to date on this subject . 
The Hire/flux 1L4 1 (LINDE 95 ~d OP41'I'T) combination was used in 
the experiments covering all possible variations among current and speed 
chosen . Therefore , there are three welds at different (increasing) 
current at constant speed (Q/H - 641 , 662, 674 - L4); three welds made 
at different (increasing) speed at constant current (Q/H - 67~ , 972 , 
1371 - L4) ; and three .,.,elds at different combinat ions of current and 
speed , but keeping to the same energy input (Q/H - 641, 961 , 1371- L4) . 
The other wire/flux combination •s4 • (OERLIKON S3 andOP41TT), 'L1' 
(LINDE 95 and OP121TT) , and 1S1 ' (OERLIKON S3 and OP121TT) were used in 
the same way , but not with welding parameters ' 961 1 (9. 5 mm/s ; 600 A; 
1. 9 KJ/rnm) or ' 972 ' (9. 5 mm/s ; 770 A; 2 . 8 KJ/mm) , as can be seen in 
Table 8 . 1. 
Thus, as we alv1ays had to weld tv1o base steels (Q2N and HY100) , 
there were 18 (Helding conditions) x 2 (steels) = 36 welds to analyse . 
8. 2 Cracking and bead measurement 
From each weld bead vrere sectioned nine transverse sections to 
search for defects, geometrical measurements,dilution , metallography 
and hardness , as Figure 8 . 3 illustrates. As can be seen in this figure , 
sections were taken from the 165 mm central length of the weld bead , 
the rest being discarded . Also from these transverse sections a 
number was cut in a plane parallel to the welding direction (longitudinal 
section at the vreld centreline) , and in a plane parallel to the plate 
surface (plan section) . Metallography was carried out in sections ' L' , 
'C' or ' P ' • 
The cracking quantification was done on centreline crack type, 
measuring the crack length (height) in each transverse section (taking 
the average) , or on the weld bead surface , when it occurs-; Those 
cracks vrhich did not shovr a charac teristic cen treline shape were not 
quantified, being here called ' transverse ' and the results denoted by 
a 'T'. 
To allow cracking susceptibili ty comparison betvteen vrelds made by 
distinct welding conditions , we had to relate the crack size with some 
bead dimensions. In other words , we had to normalize the measured 
averages. A natural choice was the weld bead height for the transverse 
measurements , and the total bead length for the surface crackso There- F · 
f ore , in this work when we say that one specimen is more susceptible to ·· 
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cracking than another , we are comparing how much percent of thei r true 
(actual) weld bead height is cracked, and unless otherwise stated , this 
refers to the transverse section, for few welds had surface cracking. 
We tried to characterise in a most complete way the weld bead shape 
as summarised in Figure 8. 3 and Table 8 . 2 . The ' conventional weld 
bead height ' (H) has been shown I 247 I to be more meaningfully related 
to the solidification cracking problem than the actual bead height (X) . 
Therefore, it was used for the other relationships. Theoretical con-
siderations were appl ied using actual dimensions to monitor the weld 
bead area (WHI2), bead external perimeter (P) and the ratio between 
them. The width (W) and conventional height (H) product had shown to 
be a good way to characterise weld bead dimensions . The weld bead 
ripple surface l ag (r) seems to have some correlation vli th the v1el d 
metal solidificati on process I 77 I, and therefore it also might have 
influence on solidification cracking . 
Dilution , primary (solidification ) and secondary metallographic 
analysis, microsegregation , SEM on the cr ack surface and hardness •t~ere 
performed on the specimens , as explained in Chapter 6 . Also was re-
ccrdad the amount of fused flux for each experiment . All obtained 
data wi ll be analysed i n the followi ng section. 
8 . 3 Cracking identification and tendency : results 
8 . 3 . 1 Definite solidification cracking 
The f i rst natural step in this investigation was to be sure about 
the t est spec imen and vtelding conditions suitability to induce vteld 
solidification cracking (and only this type of cracking ) . In fact , 
the following metallographic evidences will show that the induced 
defect was always solidifi cation cracking. 
I n Figures 8. 4 ( a- c ) are shown typical weld bead transverse secti ons 
and also can be seen the general centreline cracking shape for three 
different welding conditions using vtirelflux ' L4 1 (LINDE 95 and OP41TT) . 
Figures 8. 5 (a, b) shmt transverse and plan sections of character-
istic centreline solidification cracking and its unmistakable relation-
ship to the \oJeld soli dification macrostructure . The interdendritic 
path is evident and even dendrite secondary arms are visibl e . 
Cracks like the latter one were opened up just after weldi ng to 
expose their internal fac es. Figures 8 . 6(a ,b) illustrate two typical 
aspects of (dendri t ic ) c r acking surfaces . Notice that · the'dendrites 
show a very smooth surface, free of corrosion or any other visible phase 
forming a ' film ' or layer on or in betHeen the dendrites . In Figure 
8 . 6 (b) it is seen a classic ' bridge ' , vthich grevt up almost perpendicular 
to the surface and Hould contact the opposite face if cracking had not 
occurred . 
Cracking size , bead geometry and chemical analysis 
The second step is to monitor sol idification cracking behaviour 
with changes in welding conditions . At this point our approach to the 
problem diverges from the way it is generally attacked. Our aim was 
not to seek only for relationships between cracking tendency and welding 
.. 
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parameters. This is because we understand that welding parameters 
are just agents in the process, not the fundamental cause . Hold the 
welding parameters but change, for example , groove angle, or flux, or 
wire diameter etc . , and another system was created , different from the 
first . As each researcher inevitably has his (her) preset conditions , 
another way must be found to correlate the findings. 
The assessment of bead dimensions, flux usage, and chemical analy-
sis , together with the knowledge of welding parameters , better charac-
terises the experiments. They provide a basic set of data, which can 
then be related to cracking susceptibility. Therefore, the following 
results on solidification cracking tendency will be given together with 
those factors . Essential information on solidification (primary) 
microstructures are in the next sections , and the effect of base plate 
mechanical properties is discussed in Section 8 . 6 . 1. 
Tables 8 . 3 (a ,b) show up all bead dimensions and Tables 8 . 4 (a,b) 
the related cracking tendency together with other parameters . In 
Table S . 1 the~~lding conditions are shown, whilst Table 8 . 2 and 
~igure 8 . 3 summarise and explain some symbols used . It must be noticed 
in Tables 8 . 4 (a,b) that each welding condition refers to welds on HY100 
(H) and Q2N ( Q) steels, and the values gi ven under columns '1 c ' and ' hc 1 
are the cr acked height percentage . When cracking is absent its value is 
' zero ' (there is no cracking ) or t here are transverse cracking and this 
is denoted by a 1T1 • 
The summary of all cracking tendency data is given as a histogram 
in Figure 8.7. There is shown the centreline cracking in section 1n 
the upper block, and below it the presence of transverse cracking. 
It i s striking that the LINDE 95 wire and OP41TT flux combination 
show up to be the most crack susceptible to welding parameter changes. 
Figures 8 . 8 and 8 . 9 show transverse sections taken from welds on Q2N 
and HY100 steels , respectivel y , made using all we l ding parameters 
(Table 8 . 1 ) . In both figures all specimens in the same rows show v1elds 
made at constant welding speed but increasing current ; in the same 
columns : constant current but increasing speed; in the same diagonals; 
different speed and current, but same energy input . As can be seen, 
the change in weld shape is very large bet\·leen extremes . The other 
wire/flux combinations were not used \olith all these v1elding parameters. 
Nevertheless, they did not show such high cracking susceptibility , and 
the reasons \olill be discussed later . 
The available weld chemical analyses are in Tables 8 . 5 (a- d). It 
can be seen that all welds using OP41TT flux and LINDE 95 wire v1ere 
analysed . However , only one weld (6 . 3 mm(s ; 770 A; 4 . 1 KJ/mm) from 
each other wire/flux combination was analysed. 
These data were sufficient to assess the influence of change in: 
all welding parameters; base metals ; wire and flux . The following 
sections will sho~.o1 that this really was possible . 
Tables 8. 5 (a ,b ) also show the expected (EXP) composition of the 
weld, t ogether vJith the difference (DIF) which is the analysed minus 
the expect ed value , and the r espective analysis error . The expected 
composition is calculated taking 100% nickel recovery and no losses 
f:· 
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for the considered element . Therefore, the difference i s a good indi-
cation of the degree of oxidation and reduction, or flux influence on 
the metallurgical process . In Appendix A it is fully explained to-
gether with the analysis error which is based on the chemical analysis 
standard deviation for each element (Section 6 . 1. 5) . 
8. 4 Dendri te size and grovFth direction 
Dendrite size has been measured for all welding conditions 0n a 
longitudinal section (plane parallel to the welding direction) at half 
bead height (X/2, Figure 8.3). As explained in Section 6 . 1. 1. the 
specimens were etched with SASPA and the mean lineal intercept method 
was used for the measurements (1 mm line length) made at 100 x. Not 
less than 200 interceptions were counted in each weld. 
As it seems that there is not yet a standard.procedure to measure 
this important factor, we hope the methodology here employed can help 
to establish one . This v10uld allov/ a compl ete figure o f weld solidi-
fication to be compared , betv1een welds made at different places and/or 
using different processes. 
After the results had been assembled, it was noticed their total 
independence from base metal, flux or wire, within the experimental 
error limi ts and v1elding condi tions . The dendri te size was found to 
be strongly dependent on v1elding parameters, as the theory foresees 
(Chapter 3), and probably on other factors , as it (the theory) does not . 
Figures 8. 10 (a-d) show how the dendrite size is influenced by 
wel ding parameters , and this is a t ypical example , common t o all other 
conditions. From Figures 8. 10 (a ) to (c) the speed was kept const ant 
(6. 3 mm/s) and the current increased (from 4oo to 770 A) . Comparing 
Figures 8. 10 (c) and (d) it can be seen the speed effect , for it was 
rai sed from 6. 3 to 13. 8 mrn/s at constant current (770 A) . Even vTith-
out any kind of measurement it is clear, for example, that Figure 8. 10 
(a) shows a larger dendrite size than Figure 8.10 (b) . Thus , we 
could conclude that between welds made at same energy input (1 . 9 KJ/mm) 
but different v1elding speeds (6.3 mm/s in Figure 8. 10 (a) and 13 . 8 mm/s 
in Figure 8. 10 (b)) ,the dendrite size is the smallest for that with the 
highest speed. In Figure 8. 10 1HC 1 means welding conditions. 
Now, Figure 8. 10 (a- d ) do not reflect , hO\oJever , the true dendrite 
size behaviour . This is because v1e have to introduce another compon-
ent present in the dendri te size measurements - the dendri te grO\·Jth 
direction. 
Figure 8. 11 (a) shows a schematic view of a weld bead transverse 
section and dendrites growing from the fusion zone . In this transverse 
section the angle ( 1 a: 1 ) between the dendri te grov1th direc tion and the 
weld bead symmetry l ine ~haracterises the dendri te growth direc tion. 
This angle was measured on the same specimens used for dendrite size 
above referred to , using the same SASPA etchant at 50 x, in an anti-
clockvTise direction , at half bead height . 
The dendrite size had been measured on a longitudinal section 
(plane orthogonal to the paper and containing AA 1 ) at half bead height 
(X/2) . Figure 8. 11 (b) schematically shows that v1hen a dendrite is 
.. 
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cut through section AA 1 , the section actually seen and photographed 
is CE , which size is 1Z1 • Therefore, 1 Z1 i s the 1apparent ' den~ite 
size . Due to the very small distances involved , i t is a good approxi -
mation to take lines BC par~lel to ED, and BE parallel to CD , for rect-
angle BCDE can be treated as being infinites imal . 
It is a simple matter to prove that the actual 'dendrite s ize is 
1DS 1 and that it is related to 1Z1 (the apparent size) through the 
following r elationship : 
DS = Z ( 90 -ex: ) 
Table 8. 6 sho\>tS the average dendr i te growth angle ( 1 o: 1 ) , the 
1apparent 1 dendrite size and i ts 1 actual ' value, a fter the above cor-
relation can be applied . Also is shown in that table the welding 
parameters and the related weld codes, which are given without reference 
to base plate, f l ux or wire because , as already said, it was not detected 
a_~y effect f rom them. 
Therefore, although Figures 8 . 10 (a - d) shm·t examples of dendrite 
size, they must be seen as partially true . The current increasing 
(at constant speed) does make the dendrite size larger but at a differ-
ent rate from that shown when comparing Figures 8 . 10 (a-c) . The 
speeding up at constant current does decrease the dendrite size, but 
again , not exactly in the amount seen in Figures 8 . 10 (c , d) . The 
largest and easily made mistake probably happens when Figures 8 . 10 (a ) 
and (d) are compared . Actually , for our weldi ng condi tions , the den-
drite size of welds made at same energy input , but different welding 
speeds is greatest for that vJith the highest speed . At this point 
caution must be t aken , for different welding conditions can induce 
different r esults. In fact , it is easy to show that an essentially 
two- dimensional heat flow welding should alvtays have the smallest den-
drite size for · the highest speed, when comparing welds made at same 
energy input . Hovrever, higher speeds might l ead to better are effic -
iency and , therefore, to higher energy input than the nominal value , 
and this can complicat e the analysis . 
The results suggest that the widely accepted vievt that dendrite 
size is unequivocally related to energy input I 248 I is disput able . 
Physically speaking , dendri te size should be related to v1elding para-
meters and preheat , but now it is clear that factors like weld bead 
shape or groove angle might have an effect on it . This is because a 
factor like the weld bead height- to- width r atio (HIW) has an influence 
on the welding heat flow, at least during the weld freezing time , which 
is the one of interest . Being so, many factors that have effect on 
heat flow and.growth rate will have an effec t on dendrite size, certainly 
i n a complex way. 
Bearing this in mind we found , through multiple linear regression 
analysis of results given in Table 8. 6 , that there is at least one \·ray 
t o cor relate the 1 actual 1 dendrite size with welding parameters , at 
constant preheat ·, and weld bead dimensions. One equation that corre-
lates •.velding voltage (U), current (I), speed (V) and weld bead height-
to- width ratio (HIW) with dendrite size i s : 
DS ( U , I , V , Hlvl) = 
1:'.· 
1. 348 X 10- 1 - 2 . 744 X 10-3 X U + 2 . 248 X 
10- 4 X I - 5 . 031 X 10- 3 X V- 9. 017 X 10- 2 
x (HIW) (mm) 
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Despite the highly significant 10CP~ correlation coefficient of 
the above equation, the important point , we think , is not the particular 
values for the coefficients in it . These coefficients might change for 
another set of welding conditions, but the way these factors can affect 
dendrite size should remain. 
Hovrever , the most striking relationship is held between dendri te 
size and l·reld bead area- to- perimeter ratio (Tables 8 . 3 (a, b) and 8 . 6) • 
Figure 8 . 12 shows the l inear cor relation betvreen these factors . 
The wellknovm CHVORINOV ' s rule I 25 I relates solidification time 
with the vol ume- to- external area ratio of the castings. In foundry 
practice it is usual to take the external area- to-perimeter ratio of 
the castings (and risers , or feeding system) , because i t is easier to 
get them from the drawings than the volume . I nvariably the casting , 
or parts o f i t, vrhich shows the highest external area- to- perimeter ratio 
(called ' modulus ' in the foundry jargon) solidifies later . 
Therefore , due to the strong r elationship shown behreen weld bead 
external area- to- perimeter ratio and dendrite size (Figure 8 . 12) , it is 
justifiable to think that this ratio influences the weld solidification 
rate . Being so , much more attention should be given to the 1-reld geom-
etry effect , instead of trying to explain solidification time through 
vrelding parameters only. 
Another interesting result given in Table 8 . 6 is the relationship 
between. angle 1o; ' and povrer input (Uxi) . At the constant 6 . 3 mmls 
\•lelding speed it is strongly affected by the power i nput increasing 
(vrelding parameters •641 1 , 1662 1 and 1674 '). Hovtever , for the same 
power input (26180 W) increasing welding speed (from 6 . 3 mmls to 13. 8 
mm/s ) has little effect on this angle (welding parameters 1 674 ', ' 972 ' 
and ' 1371 ') . 
8 . 5 Weld pool retention time 
The slag metal reactions are sometimes related to Helding parameters 
as for example , the vrork of VALETTE I 216 I using OP41TT flux shows. 
\o/e think, hovrever , that an important factor is missing using the 
above approach , for the time available for the reactions is not consider-
ed. It is easy to prove that different welding parameter combinat ions 
can produce welds with same solidification time I 248 , p. 88 , for example 1. 
This time , t herefore, must be known, or at least estimated , if a better 
understanding of the problem is intended. 
The time available for reactions between the slag metal system and 
surrounding atmosphere is given I 66 I and s uccessfully used I 249 I as 
the \oJeld crater length- t o- welding speed ratio . The ripple surface lag 
is of direct access on any weld and its measurement is simpler than the 
pool crater . Furthermore, the length of both parameters i s proportion-
al. 
Therefore , we define (an approximate) wel d pool retention t ime as 
the weld bead ripple lag- to- welding speed ratio . 
Table 8 . 7 summarises values of weld bead ripple lag (Tables 8. 3 
I'::· 
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(a , b)) ,fused slag- to- weld 1ength ratio (S\o/L - Tables 8. 4 (a,b)) and 
correlates then ~nth welding conditions (Table 8 . 1) and weld pool re-
tention time . As can be seen, Table 8 . 7 is divided in four maio 
quarters , depending on wire (LINDE 95 or OERLIKON S3) and flux (OP41TT 
or OP121TT) . Each maio quarter is sub-divided in nine boxes, each one 
related to a specific combination of welding speed and current . As 
the factors sho~m in Table 8.7 are independent of base metal, the values 
are averages of two experiments . Therefore, each welding condition is 
unequivocally characterised . Thus , H or Q 662 S1, for example, is 
found in the maio quarter defined by OERLIKON S3 wire and OP121TT flux 
( 'S ' and ' 1 ' in the weld cede , respectively). The 600 A current and 
6 . 3 mrn/s speed identifies the box, which shows that welds made using 
these conditions have : 21 mm of weld bead ripple lag ; approximate 3 . 3 s 
of ~1eld pool retention time; and 173 x 10-3 g/mm fused slag-to-weld 
length ratio. 
A quick inspection of Table 8 . 7 reveals that v1eld pool retention 
t i me should show itself as a good indicator for. fused slag yielding. 
In fact, Figures 8 . 13 and 8. 14 illustrate the behaviour for OP41TT and 
OP121T~· fluxes, respectively. As can be seen, there i s a definite 
trend for greater amounts of fused slag as weld pool retention time in-
creases , even if vle do not consider the difficulties reported to measure 
ripple 1ag (and the errar introduced), to take out (without great lesses) 
fused slag from the bead, and the approximation taken . 
The previous results are important not only under the obvious 
economics aspect , and i ts effect on vlelding optimisation. Wi th greater 
weld pool retention time there is more time available for chemical re-
actions to develop. Based on the difference between the analysed and 
expected content of certain elements (see Tables 8 . 5 (a,b) and Section 
8 . 3 . 2) it is possible to detect that element carbon does not show any 
variation ~1ith vleld pool retention time, within the lirnits of our ex-
perience . Ho~1ever, deoxidants like silicon and manganese show good 
correlation with the l atter factor , as Figures 8 . 15 and 8 . 16 illustrate . 
These figures shO\v only results for OP41TT flux because for it alone we 
have chemical analyses for a complete series of welding parameters. 
8. 6 Factors ~1hich are not totally quantifiabl e 
8 . 6 . 1 The weld stress 
To isolate welding parameters effects on \·leld metal solidification 
cracking is not a straightforward task. At first glance it is suffic-
ient to maintain constant all other conditions and to make changes only 
to them. However, what everybody does not realise is that when differ-
ent parameters are tried , weld metal primary microlmacrostructure 
morphology , weld bead dimensions, and stress fields within and around 
the weld pool are altered , all at t he same time . The worst is that 
these factors are inter- correlated , making it even more difficult to 
isolate an effect due exclusively to one of them. As we have seen 
(Chapter 4 ), t here is a growing interest on weld restraint and stress. 
One o f the most important workers in this field is MASUBU OHI and his 
book I 131 I summarises the extensive work dane up to now . However , 
the work of CHIHOSKI I 193, 194 I, also reviewed in Chapter 4 , gives a 
better insight into the effect of stress fiel ds, immediately around the 
~1eld pool, on solidification cracking . Nevertheless , everyv1here the 
empirical methodol{gy to measure weld pool stresses still is in its 
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infancy , mainly when the problem involves welding of thick base metals . 
Therefore it is out of the question to carry it on here . 
In general , high HIW ratio indicates great susceptibility to centre-
line solidification cracking, as already seen in Chapter 4 . This is 
not alHays true, however, and comparing v1eld HIQ 674 L4 and H/Q 1371 L4 
(Table 8 . 3 (a)), their HIW ratios are 1. 6 and 1. 4 respectively. 1,•/e 
should conclude that the former welds would shov1 greater cracking 
tendency than the latter ones. Nevertheless , Table 8 . 4 (a) shows that 
the percentage of cracking in sections is much larger for H/Q 1371 L4 
than for H/Q 674 L4. 
The same reasoning applies to other welding conditions using differ-
ent Y!irelflux combinations, Therefore, other factors are involved and 
Hl\oJ ratio is not the strongest . Just to reinforée the point that 
different stress fields do exist beh1een our 1,o1elds , and to have an idea 
about the temperature fields distribution around the weld pool, 
Figures 8 . 17 (a-c) were computed . They 1,o1ere calculated in the middle 
of the plate , and the number besides each isotherm is the related 
temperature , in degrees Celsius (Figure 8. 17 (b) ) ,Hith corresponding 
lines in the other figur es . It is not the intention to say that those 
isotherms are the true temperature distribution around the pools. 
This model represents only the tendency of those energy fi elds . These 
isotherms 1,o1ere done using, basically , the •nellknO\.,rn ROSENTHAL 1 s three 
dimensional theory on heat distribution I 250 I , as improved by MYERS 
et al I 251 / for more realistic situations. The computat ion block 
diagram is in Appendix B, and it is a trivial problem. 
~fuen comparing welds made at the same speed but different current 
(energy inputs) as Figures 8. 17 (a,b ) show, it is clear that the iso-
therms are much wider in the highest energy input case , Figure 8. 17(b) . 
The pool is larger at 4. 1 KJimm and its l ength is nearly twice t hat at 
1. 9 KJimm , Figure 8 . 17 (a) . While the 700°C isotherm , for example , 
in the 1. 9 KJimm case reaches a ma.ximum half \olidth of around 7 mm , the 
corresponding isotherm for the 4 . 1 KJ/mm is around 11 mm, Figure 8 . 17 
(b ). On the other hand , comparing welds made with the same current , 
but different speed (Figures 8 . 17 (b,c)). the isotherms lengths are. not 
so di f ferent , but their widths are . Finally , Figures 8.17 (a ,c) can 
be compared for they both have the same energy input (1. 9 KJ/mm), but 
different welding parameters. A quick inspection shoHs that these 
welds are completely different as far as the isothermic pat tern is 
concerned. 
There is another important point to be considered as regards weld 
stress , even if we cannot quantify it . In Chapter 4 we have seen 
that solidification cracking can be highly affected by the base metal 
stress condition (heat treatment and strength) . Thus , ,.,e decide to 
verify if this concept could be applied to both base metals used in 
this investigation. 
Plates in sufficient number to make three specimen tests Cone for 
Q2N and t wo for HY100 steel) had the grooves cut, and before assembly 
they were placed into a furnace at 200°C. The heating rate was 67°Cih 
and t he pl ates were kept inside the furnace a t 650°C for 2. 5 hs • 
. After this time had passed, the furnace 1,o1as sHitched off and the plates 
t aken from it only \o/hen the temperature dropped to 150°C . 
' · 
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Small samples ·~re ta~en from the plates to carry on a metallo-
graphic analysis . No differences in microstructure betvreen the heat 
treated and the as received material could be observed. 
The plates were then assembled i n three 1standard 1 spe cimens 
(Section 8. 1) . 
I t was decided to weld these specimens using OP41TT flux and LINDE 
95 wi re, for they had shown a well defined centreline sol idification 
cracking for conditions H/Q 1371 L4 and H 674 L4 (Table 8. 4 (a)),which 
were the chosen. Therefore, vre obtained one \•Teld on Q2N steel coded 
Q 1371 L4 T and two welds on HY100 steel coded H 1371 L4 T and H 674 L4 
T respecti vel y . These welds are completely s i milar to those vrelds in 
Table 8. 4 (a) vlithout 1T 1 in the c ode (standing for 1 treated 1 ) , but 
the base metals were heat treated . 
The r esults obtained are shown below and comparison is made beh1een 
welds f rom heat treated and as received base metals : 
•. 
Heat treated base metal 
H 674 L4 T 
H 1371 L4 T 
Q 1371 L4 T 
As r eceived base metal 
H 674 L4 
H 1371 L4 
Q 1371 L4 
Centreline solidification cracking 
(%) 
Zero ( transverse cracking only) 
36 
28 
31 
68 
51 
As can be s een, the centreline solidification cracking for the 
vmrst case ( 1 1371 1 ) was reduced to half , and the H 674 L4 welding 
condit ion had just small transverse cracking, probably due to another 
kind of problem , vThich will be analysed in the follo\•ring sections . 
Therefore, as we did not alter the welds chemical composition , 
these results can only be interpreted as a result of stress relief of 
the base plates , which reduced their (negative) e ffect of solidification 
cracking . 
Thus , the stress/strain fields developed are different , because 
they are temperature dependent . The weld pools are also different , 
by theoretical and practical considerations (Section 8.5). We cannot 
say, however , which one is the worst as regards centreline solidifi-
cation cracking. Therefore, we do not know the ac tual stress field 
values for our v1elds , and geometrical factors like H/\oJ ratio have 
shovm to be only part of the problem, which i s sti ll more complicated 
by the effects of base metal mechanical action. Thus vle have to s t udy 
weld metal primary micro/macrostructure and microsegregation, extract-
ing as much as possible i nformation from them, to r esolve the puzzle . 
~· 
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8 . 6 . 2 The pr irnary macrostructure ~orphology 
Two works already tried to establish a general notation for •,reld 
metal centreline prirnary rnacrostructure types / 252, 253 /. 
Unfortunately, both were on thin ferrous alloy sheets ~nth two-dirnen-
sional heat flow, and the metallographic studies were mainly based on 
sections parallel to the plate surface (plan section) . 'v/e shall try 
here to fol~o~1 the proposed nomenclature, rather than to define new 
terms , which ~10uld come only to cornplicate even more the situation. 
The metallographic plan sections are prejudiced in our welds by obvious 
reasons . Therefore , unless otherwise stated, the metallographic 
sections that follow were taken from a plane transverse to the welding 
direction. 
The terminology question must be cleared first of all . Primary 
microstructure is here understood as those described in Chapter 3 : 
planar, cellular, cellular-dendritic, dendritic, and equiaxed . The 
morphological aspect at the weld centreline or around it is the primary 
macrostructure, which sometimes can take their· name from the micro-
structures, for they represent one particular type, or they can have 
different forms and names . 
In the present investigation , the primary macrostructure of welds 
on Q2N and HY100 base metals , and those using different wires (but same 
flux) have sho~ the same morphology, for equivalent welding parameters . 
Therefore, Figures 8 . 18 (a- c) illustrate the influence of welding 
parameters on primary macrostructure morphology , using OP41TT flux . 
Figure 8.18 (a) ( sp. H 641 L4 : 6 . 3 mm/s; 1. 9 KJ/mm) shows the weld 
centreline (at the picture centre), just below the existing centreline 
solidification cracking in this specimen, and the crack tip is visible 
in the upper part of the picture. rt is clear that the dendrites do 
not meet i n a well defined line at the centre and the angle ( 1 a: 1 -
Section 8 . 4) they have with it is small. This macrostructure can be 
approximately defi ned as 11stray11 , for the dendrites from each other 
side of the pool change orientation near the weld centreline, and 
compete ~1i th each other in the growing process . Using the OP41TT 
flux this ~1elding parameter shows vertically growing dendri tes around 
the crack tip. In Figure 8.18 (b) (sp.H 674 14: 6 . 3 mm/s ; 4 .1 KJ/mm) 
i t can be seen that as current i ncreases (at constant speed), the ~1eld 
centreline macrostructure changes to an essentially "competitive 
columnar11 type, and the angle ( 1 a: 1 ) between the dendrites and the 
centreline grows (compare with Figure 8 . 18 (a) . In this case, the 
dendrites grow continuously from the fusion boundaries, but compete 
at the centreline, rnaking i t to be in a zigzag . With the rise in speed , 
maintaining constant current as in H 674 L4, Fi gure 8 . 18 (c) (sp.H 1371 
L4: 13 . 8 mm/s; 1 . 9 KJ/mm) shows that the macrostructure turns to an 
almost " centreline" type, but retains rrruch of the "competitive columnar" 
type . The dendrite trend is to meet at the v1eld centre in a well de-
fined line, not totally accomplished here . 
It i s worth mentioning that near the crack tip in Figure 8 . 18 (b) 
there are fev1 equiaxed dendri tes trying to develop. 
Details at higher magnification are shown in Figures 8 . 19 (a- c ) 
for similar welds. In Figure 8 .19 (a) can be seen the verticall y 
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growing dendrites around the crack tip , like in Figure 8 . 18 (a) . 
Notice that these welds 'llere not made on the same base metal. Never-
theless, the rnacrostructure is similar and Figure 8 . 19 (a) is shown 
just to ernphasise this point, •11i th the ·t~eld centreline arrowed in these 
figures . 
The effect of change to OP121TT flux on centreline prirnary macro-
structure is only noticeable for the 6 . 3 mm/s welding speed . This is 
ill ustrated in Figures 8 . 20 (a,b) , which show the centreline macro-
str ucture for welding parameter s similar to Figures 8 . 19 (a,b ) , v1ith 
the sarne wire (LINDE 95) . Figure 8 . 20 (a) shov/S the sarne "stray" 
rnacrostructure of 8 . 19 (a) , but there are neither vertically growing 
dendrites nor centreline sol idification cracking. For the other base 
metal (Q2N ) and wire ( OERLIKON S3 ) the same morphology is obtained , if 
OP!21TT flux is used . In Figure 8 . 20 (a) can be seen at the left 
upper corner (arrowed) part of an existing transverse crack , not common 
f or all wel ds using t hese conditions . Figure 8 . 20 (b) shows the best 
example of macrostructure morphology alterati on due to the use of 
OP121TT flux , for a great number of equiaxed dendrites are induced to 
grow along almost all v1eld centrelines . This specimen (H 674 L1) has 
s hown a smal l centreline solidification cr acking (Table 8 . 4 (b ), whi ch 
seems to be arrested at the beginning of the equiaxed macrostructure . 
There is no doubt that the previous structure is equiaxed, for all 
welds her e discussed had their longitudinal section examined , and this 
part icular case can be seen at Figure 8 . 10 ( c ) . 
Finally , another aspect of the macrostr ucture and solidification 
cracking r elationship is s een in Figures 8 . 5 (a , b) (already shown) and 
Figure 8. 21. The f ormer figures show t wo views of the same cracking 
(plan and t ransver s e). Only at this rel ati vely high vrelding speed 
(13. 8 mm/s) the plan section has shown dendrites near parallel to this 
section. The vrelds made at lower speeds tend to have them almost 
perpendicular to this pl ane , probably due to heat flow characterist ics . 
Figure 8 . 21 shows the solidification microstructures from the 
fusion zone to near the vreld centreline . It also shovrs a t ransverse 
cr acking , which grew up per pendicular to t he bands (there i s a dis-
cussion on banding phenomenon in Chapter 3 ) . It is interesting to 
notice that after t he crack meets the firs t band it notabl y decreases 
i n width , bei ng apparently arrested at the third one . On the other 
hand , this figure permit s us to observe the change in size and i n type 
of the microstructur es frorn the fusion zone inwards, as foreseen and 
i llustrated in Chapter 3 . 
Therefore , pr imar y ( solidificat ion) macrostructures prone to centre-
line solidification cracking seem to be those shov1ing vertically gr ovl-
ing dendrites and dendrites meeting in line at the weld centre . Use 
of OP121TT flux s eems to reduce thi s tendency and , up to a point , 
promete f ormat i on of equiaxed struct ure . At higher vrelding speeds a 
change in flux (from OP41TT to OP121TT) has little or not effect . 
This , perhaps , can be explained through very basic weld sol idification 
theory , f or now i t is much more l ikely for the macrostructure to 
f ollow hea t f l ow, due t o t he weld pool shape and heat balance that 
must be satisfied . Therefore , r elativel y weak external actions are 
much less effective . Hm-tever , s trong external mechanical actions 
l ike are oscil lation or cold wire i n j ection do affect welding con-
y;:,. • 
di tions and solidification cr acking tend't:ilcy, as vrill be shown l.n 
Chapter 9 . 
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8 . 6 . 3 The microsegregation 
The previous section has shown vrhat the weld solidification macro-
structure looks like and hO\·t they change, as \olelding condi tions are 
changed . \·/e have seen that some morphologies are, probably, less 
resi stant to solidificati on cracking , because mechanical action on them 
(t rying to tear off the centreline) is easily carried on. However, 
similar mechanical actions will be less or more effective depending on 
which material they are actlng on . By analogy, suppose that a beam 
practically free of defects of a very strong and tough material is 
tensioned . A very high tension will be applied before the structure 
fails . Now , if we substitute this beam by another one of the same 
material and shape, but containing a very high number of internal de-
f ects dangerously positioned, the tension applied to rupture is much 
less than in the former case . 
Therefore, shape and general qualities are not sufficient data. 
Distribution and , if possible , identification of the defects are 
highly desirable . 
In welds, the detection and analysis of microsegregation is not 
straightforward. As distinct from conventional casting , the inter-
dendritic spaces are very narrow and the level of segregation is small . 
These tv10 factors help to make this a difficul t technique . 
In general, only the major alloying elements are traced , as have 
been shown by FRASER and METZBO\o/ER I 254 I . These authors , v10rking 
on similar steels (HY100) used in the present investigation, detected· 
only t he elements nickel, manganese and chromium . The work of RUSSEL 
I 255 I also illustrated the problem , for he had no success at all in 
tracing any segregating element , Hith a similar instrument in use 
here at Cranfield. 
We had the same problem vli th our welds , for nei ther the Cranfield 
dispersive X- ray microanalyser nor tv/O different instruments tried in 
other research organisations were successful in detecting micro-
segregation . 
Obviously this fact does not mean that the v1elds in this study v1ere 
segregation free . Very basic solidification principle rules 
(Chapter 3) that in any alloy , containing at least tv10 elements with 
different distribution coefficients, there is segregation. 
Beam size and detection limits of the instruments used (among other 
factors) naturally decide the effectiveness of analysis. Therefore, 
we can conclude that Hhat happened ':las that the equipment used had not 
sufficient qualities to resolve the interdendritic phases . Neverthe-
less, segregation s ensitive etchants can help us look for this very 
important factor. The foll ov1ing microphotographs show and confirm 
the existence of segregation in the \•!elds , disclosed through the use 
of ammonium persulphate I 254 1. 
Figures 8 . 22 (a- f) compare segregation lines in Helds made on 
HY100 (a- c ) and Q2N (d- f) steels, for different welding parameters , 
usi ng LINDE 95 vlire and OP41TT flux. All welds, but Q 641 L4 , have 
shown centreline solidification cracking , and the microphotographs 
•. 
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were taken just below the crack tip. The white lines and solute pools 
indicate segregation of some elements . The wide white area around 
some crack tips are not segregation, but staining due to alien sub-
stances flov1ing from the cracking (likely liquid paraffin used for 
polishing) . 
Thus , for each welding parameter, welds made on different steels 
can be compared. The most striking differences are noticed in 
Figures 8 . 22 (b,e) and (a,d) . A well defined centreline segregation 
is visible in Figure 8 . 22 (b) v1hilst in counterpart i t does not exist 
in Figure 8 . 22 (e) . The welds made on Q2N steel using the vJelding 
parameters 6 . 3 mm/s and 1. 9 KJ/mm never have shown cracking , under any 
conditions . In fact, Figure 8 . 22 (a) when compared to Figure 8 . 22 (d) 
shows much more segregation. 
·Therefore, welds in HY100 steel seem to segregate at the centreline 
more than in Q2N steels . 
Having seen the general segregation tendencies of welds made on 
different steels, \•re now look · how wire or flux seems to affect this 
factor . The welding parameter chosen for these comparisons was 6 . 3 
mm/s , 770 A, and 4 . 1 KJ/mm , for it chemical analysis is available at 
all combinations of wire/flux. 
Thus , ·t he flux effect can be assessed comparing Figure 8 . 23 (a) 
with Figure 8 . 22 (e), and Figure 8 . 23 (b) VJith Figure 8 . 23 (c) . 
The fi rst tVJo figures (8. 23 (a) and 8. 22 (e)) do not shovr clear 
centreline segregation , but the weld Q 674 L4 (Figure 8. 22 (e))has 
centreline solidification cracking , whilst the Q 674 L1 has not 
(Tables 8 . 4 (a,b» . This apparently puzzling result cannot be ex-
plained through chemical composition (or microsegregation) . This 
behaviour seems to be a result of the , likely, different thermal floVJ 
both fluxes induce on the welds (Section 6 . 3 . 2) , combined with the 
reactions taken place \·Jithin the weld pool retention time (Section 8. 5) . 
In this case , the primary macrost ructure seems to affect the weld 
resistance to solidification cracking more than the microsegregation. 
This was seen in Figure 8 . 20 (b) , for the OP121TT flux induced a 
centreline equiaxed morphology to for ro , whilst the OP41TT flux did not . 
\olelds Q 674 S1 and Q 674 S4 (Figures 8 . 23 (b) and (c ), respectively ) 
do not shm·r continuous centreline solidification cracking (Tables 8. 4 
(a ,b)) . In those welds made with OP121TT flux only small purely 
transverse cracks are found . However, welds using OP41TT flux do 
show, as VJell as transverse cracking , small amounts of intermittent 
centreline solidification cracking, following a s egregation line 
(Figure 8 . 23 (c)) . The same reasoning previously applied to 
Figures 8 . 23 (a ) and 8 . 22 (e) applies here , and the primary macro-
structure seems to determine the cracking tendency . 
On the other hand, the wire effect c~~ be assessed comparing 
Figure 8 . 22 (e) with Figure 8 . 23 (c), and Figure 8 . 23 (a) with Figure 
8 . 23 (b) . The change to OERLIKON S3 wire, illustrated in the tVJo 
first figures seems to include a slightly higher resistance to centre-
line solidification cracking . The weld Q 674 L4 (Figure 8 . 22 (e)) 
shows a measurable tendency to have i t , vthilst the Q 674 S4 (Figure 
8. 23 ( c )) has only a small tendency. ~· difference is not, however, 
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conclusive . ~fuen both welds exhibit centreline equiaxed macrostructure 
(likely) induced by OP121Tr flux , that using LINDE 95 wire does not 
shovr any sign o f cracking. However, the weld made wi th OERLIKON S3 
wire does show small transverse cracks. 
8 . 7 Related secondary phase transfor~ations : results and 
discussion 
In a solidification cracking investigation it is not usual to in-
clude studies on secondary phase transformation. He think this almost 
standard procedure inhibits at least tvro possible sources of further 
knowledge on the subject , viz : t he detection of possible phenomena 
developing from solidification cracking , and the understanding of the 
complete weld defect cycle. 
Therefore, vre feel that v1eld metal cooling rate (solid state) and 
the resultant microstructure and hardness, for a particular chemical 
composi tion , must be considered . Firs tly i t follows our ovm theoret-
ical approach , vrhich tries to interpret weld solidi fication cracking 
through all possible ways, and secondly , because it is possible that 
these solid state transformations give some i ndication about what 
happened at higher temperatures . Finally, for completeness ' sake , 
a weldability study must be as informative as possible about the 
materials involved , and because weld metals of this type , welded in 
this range of energy inputs are not so common ; it is interesti ng to 
have their behaviour monitored . 
Thermal analysis and hardness 
Weld thermal analyses were performed as described in Section 6. 1.3 . 
Although \.Je did not get cooling curves for all welding conditions , 
due to the experimental problems described in Section 6 . 1 . 3 , a signifi-
cant number of v1elds were recorded, and they allowed us to verify some 
immediate points. Using the present instrumentation , both fluxes 
had the same detectabl e influence on \•leld cooling r ate (solid state ), 
but in spi te of this fact, Section 8 . 7 . 2 . 2 will shovr that welds made 
with OP121TT flux seem to have f i ner columnar (secondary) micro-
structur es than welds using OP4 1TT flux . Furthermore , in Section 
6 . 3 . 2 we had seen the resul ts of gas rel eased from both fluxes , vlhich 
lead us to think that , at higher temperatures, the flux might have an 
influence on the weld metal thermal behaviour . The difference in the 
amounts of major alloying element s for the same welding parameters , 
but different wires, \•lere so small (see Tables 8 . 5 (a-d)) due to the 
high dilution that i t was impossible to detect any variation i n factors 
such as phase transformation temperatures. 
In Section 7 . 2 . 1 the meaning of each curve in the t hermal analysis 
graphics \·las explained . Figures 8 . 24 to 8 . 29 shov1 typi cal cooling 
curves and their first derivative , together with cooling rates and 
cool ing times for temperature ranges of interest . The Retention Time 
above 1000°C (RT(1000)) is also given , being here the time the Held 
metal spends in the range 1400- 1000°C. Table 8 . 1 shows vrelding con-
ditions and their respective cedes used throughout this Hork. Thus , 
we have to bear in mind that they are valid for all welds made with 
the same welding parameters . For example , Figure 8. 24 shows v1eld 
metal thermal analysis for weldment Q 641 S1 (6 . 3 mm/s ; 1 . 9 KJ/mm) . 
- 149-
It is also valid for weldments H 641 S1, H/Q 641 14 , H/Q 641 S4 and 
H/Q 641 11, which have either different base metal , or electrode, or 
flux , but the same welding parameters . 
An immediate deduction from the analysis of those figures is that, 
in spite of weldments in Figures 8 . 24 , 8 . 28 and 8 . 29 having the same 
energy input (1 . 9 KJ/mm) , they show a small different in cooling rates , 
mainly in the ranges 1100/800°C and 800/500°C (the same with the two 
2 . 8 KJ/mm energy input welds, Figures 8 . 25 and 8 . 27) . These differ-
ences can be partially explained by differences in the thermocouple 
positioning and partially by heat flov1 theory /i.e . 250 , 251 / . 
However , as vlill be seen in Section 8 . 7 . 2 . 2 the first and second trans-
formation temperatures (start ) correl ate extremely well with cooling 
times in both ranges (1100/800°C and 800/5000C) . Therefore , we think 
that the possibility of errar due to bad thermocouple positioning is 
excluded . 
Tables 8 . 8 (a,b) show the average weld metal hardness and the peak 
value in the coarse grained Heat Affected Zone (HAZ) for all welds. 
The v1elds v1ere grouped by enel:'gy input value , and sub- grouped by 
average cooling time . There is a consistent trend for higher values 
of hardness in welds on HY100 steel than on Q2N steel . This can be 
dueto the chemical composi tion effect (Tables 8 . 5 (a- d)), and differ-
ences in shape and size of carbonitrides, as shovm in Section 6 . 2 . 2 . 
Table 8 . 9 shows clearly , we think, the effects of energy input , 
wire and flux . This table is divided into four main quarters, 
depending on wire (LINDE 95 or OERLIKON S3 , Table 6 . 2 and Section 6 . 3 . 1) 
and f l ux (OP41TT and OP121TT , Table 6 . 3 and Section 6 . 3 . 2) combi nations 
used. Each main quarter is sub- divi ded i nto nine boxes , each one 
related to a specific combination of welding speed (6 . 3 , 9 . 5 or 13. 8 
mm/s ) and current (400 , 600 or 770 A) . Inside each box, the first 
line shows weld metal carbon equi valent (CE) in wt% x 10-2 , when 
available ; the second and third lines show average weld metal hardness 
for Q2N and HY100 steels, respectively. Thus , each vtelding condi tion 
is unequivocally characterised . For example, Q 641 L4 (upper- left 
box) has 0 . 66% CE and 392 HV5 ; H 674 S1 (extreme right column, third 
row f r om bottom) has 0 . 73% CE and 327 HV5 . 
Even a relatively quick inspection of Tables 8 . 8 (a,b) and Table 
8 . 9 permits the following conclusions : 
For all vire/flux combinat ions , longer cooling times 
lead to softer weld metal; 
Helds made with the same parameters and wire , but 
different flux , show no significant change in weld 
metal hardness , observing the ' standard deviat i on ' 
for each element ; 
\·lelds made with the same parameters and flux , but 
different wires , show the highest hardness for those 
using LINDE 95 wire ; 
In general, due to high dilution, the difference in 
carbon equivalent among weld~~ithin each main quarter 
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or even among welds from different quarters , is small, 
particularly if we take into account s t andard deviation 
of the analysis . \Ve have already seen that for CE 
(Section 6.2 . 1) this shows a 1SD 1 of 0 . 02%. This 
means , for example, that CEs of 0 . 64 and 0 .68% cannot 
be taken as different ; they probably are equivalent . 
For welds under study , no imrr.ediate relationship can 
be taken from CE alone and weld metal hardness . 
':/elds on HY100 steel have shown higher hardness in the 
weld metal and coarse HAZ than those on Q2N steel, for 
the same v1elding condi tions. In spi te o f the small 
difference i n CE, it must be noti ced tha t for all avail-
able weld metal chemical analyses , carbon is higher 
i n HY100 v1elds than in Q2N ones . 
8 . 7 . 2 r-ticrostructures 
8 .7 . 2 . 1 The heat affected zone 
Measurements vTere made on v1elds in arder to assess their largest 
HAZ wid t h (in the 1 bay 1 region vThen i t was present) . As f ar as the 
accuracy of a l ight microscope measurement can be , both steels were 
found to be equally sensitive to thermal cycles , in terms of width . 
The 1. 9 KJimm energy input welds have the coarse HAZ width= 1. 0 mm , 
while the total HAZ vTidth is =1. 8 mm. The 4. 1 KJi mm welds have =2. 8mm 
and =4. 9 mm , respectively. 
Figure 8. 30 (a ) shows the dendrite size dependence on the HAZ grain 
size, in a longitudinal (parallel to welding direction) section, near 
the vTeld root , for a 2 . 8 KJimm weld. Epi taxial growth can clearly be 
seen. Considering the three dimensional aspects of this weld (and 
heat f lov1), this section vTas only obtained after many trials . 
Figure 8 . 30 (b) discloses the martensitic microstructure as seen 
in the 1bay 1 region of a 4 .1 KJimm weld, vThi ch was etched by Ammonium 
Persulphate followed by Nital . This double etch alloHs a better 
definition of the microconstituents at low magnificati on . 
TvTO coarse HAZ close- ups are shovm in Figures 8 . 30 (c ,d) for welds 
on Q2N and HY100 steels , respectively. At the bottom of the latter 
can be seen what probably is a complex i nclusion colony. We di d not 
notice any cracking propagating from there, but the possibility i s 
obvious , for it can originate either ' cold 1 I 256 , 257 I or liquation 
cracks I 258 /. This fact also indicates that HY100 is a less clean 
steel than Q2N. 
Therefore both s teels show a similar HAZ microstructure , in spite 
of the fact that HY100 has its coarse region = 30 HV5 harder than Q2N . 
8 . 7 . 2 . 2 The weld metal 
All welds had their transverse sections examined in a light micro-
scope, and some of them through Scanning Electron Microscope (SEM) and 
Transmission Electron Microscope (TEM ) . For equipment description , 
see Section 6 . 1. ~· 
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As we have seen in Chapters 2 and 3 , weld metals vli th the chemical 
composition of the present ones should solidify as ô (delta) - ferrite . 
The transformation from ô - ferrite to austenite can be only indirect-
ly assessed , but the literature indicates I 259 I that the primary 
(solidification) and the secondary structures do not follow the same 
path. However , COCHRA.NE I 96 / suggests that in submerged are •11eld 
deposits made under acid fluxes the ô -dendrite and the austenitic 
( y- gamma) boundaries coincide, whilst using basic fluxes the latter 
boundary is much larger than the õ - dendrite spacing. 
To disclose the relationship held between the primary and secondary 
structures of the welds made in this investigation (using basic fluxes) , 
a special etching technique was developed . Firstly , vle heavily etched 
a previously polished specimen using SASPA. After drying it, a sli ght 
polishing (114 micron diamond paste) anda Nital etching Has performed. 
Figures 8 . 31 (a , b) show the result at tv1o different magnifications , as 
s een under SEM. It is important to use SEM, for the light microscope 
does not provide the necessary depth of focus . 
In Figure 8 . 31 (a ) the ô- ferrite preferred growth direction is 
indicated (DF) . The dark points result from the SASPA etching by 
pitting . In Figure 8 . 31 (b) can be seen acicular f errite grains 
crossing over the ô- ferrite boundaries, with corresponding positions 
arrowed in both figures . 
Due to the r elatively high magnification, these f igures do not show 
the y- boundaries . Thus , as the acicular ferrites cross over the 
boundaries marked ô- ferrite , they surely are not y - boundaries and 
therefore they really are 0- ferrites . 
Then , these metallographic evidences permit us to think that 
COCHRANE ' s suggestion / 96 I is right for the welds here investigated. 
The follov1ing investigation was to give a quali ta tive assessment of 
microconstituents, which have been indicated using the ABSON and DOLBY 
I 242 I proposed notation (light microscopy) , and to search for a 
possible link between secondary microstructure and solidification 
cracking path . 
(i) Microstructure coarseness 
Firstly , as regards energy input influence, the coarseness of the 
microstructure can be evaluated for 4 . 1 KJimm and 1 . 9 ~Jimm 1rrelds in 
Fi gures 8 . 32 (a,b) respectively. Incidentally, Figure 8 . 32 (a) shows 
t r ansverse cracking (sp . Q 674 S1) following approximately the columnar 
boundary. Fi gures 8 . 32 (b-d) show the columnar microstructure for the 
same energy input welds (1 . 9 KJimm) . I n Figures 8 . 32 (b , c ) are seen 
the columnar microstructures for the same flux (OP121TT) but different 
wire (OERLIKON S3 and LINDE 95 , -respectively) . No obvious difference 
between them can readily be noticed, but a less defined grain boundary 
in Figur~ 8 . 32 (b) is clear . ~fuen comparing Figures 8 . 32 (c , d) a 
difference is seen in columnar microstructure coarseness between welds 
using OP121TT and OP41TT fluxes . The former flux seems to induce a 
finer columnar microstructure than the latter • 
.,.. 
.... . · 
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welds on HY80 , HY100 and HY 130, FRASER and HETZBOHER I 254 I found 
similar structures , which they said to be ' solute pools 1 with increased 
amounts of all major elements, as compared with the surrounding matrix. 
At the centre of these pool s they detected very high levels of nickel 
and sometimes chromium and ~anganese . 
Figures 8 . 36 (a,b) shoH in a SEM image acicular ferrit e anda much 
coarser lath structure ( t he same position is arro~red in· both figures ) 
for 4 . 1 KJimro welds (compare with Figures 8 . 34 (a, b ) taken at the same 
magnification) . Figures 8 . 36 (c-g) show another ~1 series of micro-
photographs that r e semble microstructures already quoted for 1.0 KJimm 
energy input Helds . The rnain differences seem to be that they are 
coarser than the 1. 9 KJimm and their relative amounts of rnicroconstit -
uents differ . However , as no quantitative analysis was performed, 
these are only suggestions . 
Figures 8. 36 (a-d) and Figures 8 . 36 (e- g) show microstructures of 
welds using OP41TT and OP121TT fluxes , respectively. In Figure 8 . 36 
(c) the (austenitic) grain boundary (AGB) and ferrite with aligned 
M- A-C (AC) are readily visible . This boundary is sho~rn at higher 
magnification on another specimen in Figure 8 . 36 (d) . The carbides 
(c) distributed over the f errite matrix are again seen , and Figures 
8 . 36 ( e , f) sho~r good examples of the autotempering occurring in these 
•.velds. 
Figure 8 . 36 (g) shows an uncommon situati on, for a ferrite island 
can be seen at the boundary , being therefore a grain boundary ferrite 
(arrowed). This fact , however, s eems to happen very seldom. 
Phases : arder of appearance and thermal cycles 
From the work of LEVINE and HILL I 220 I and CHOI and HILL I 221 I 
we know tha t the microstr uctural ptase of arder of appearance as t he 
temperature decreases is : Grain Boundary Ferrite; Ferrite with aligned 
M- A-C; Acicular Ferrite ; Bainitic lath structure; after that and some 
intermediary structures~ Martensite is cer taily the last micro-
structur e . The transformati on temperatures are extremel y variable and 
cannot be generalised. This fact is corroborated by COCHRANE I 261 I 
who stated that: " in more highly alloyed composition, e . g . containing 
substantial nickel and molybdenum addit ions , t ransformation temperatures 
are lo~rered and as a result more complex structures can be developed . " 
In the work of CHRISTENSEN and SIMONSEN I 262 I , toa, i t is clear that 
deposits containing 2. 25% Ni and 1. 0% Ni - - 0 . 5% Mo had lower trans-
formation temperatures than C- Mn deposits, and that higher cooling 
rates (shorter cooling times ) increase t he start and end of transform-
ations . Furthermore , there is a role played by oxygen content on the 
micr~structure , which is highlighted by ABSON , DOLBY and HART I 225 I 
and COC~ and KIRKWOOD I 226 I, already exami ned in Chapter 5 . 
Table 8 . 10 sho~rs the estimated phase transformation temperatures 
and average cooling times , collected f r om Held thermal analysis 
(Figures 8 . 24 to 8. 29) . In this table are data from two welding 
conditions (WH 641 s4 and v/Q 674 L4) used for All- \veld Metal Mechanical 
Tests , as stated in Chapter 7 . The analysis of this tabl e shows a 
very consistent trend betvreen Average Cooling Times (11001800 , 8001500 
and 1100I5000C) and Transfor mation Temperatures (fi r st and second) and 
1:.· 
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they are shown in Figures 8 . 37, 8 . 38 and 8.39, res~ectively . Highly 
significant correlation factors of 96% and 96 . 5% were obtained for the 
range of 1100/8oooc and the first and second (start) transformation temp-
eratures , respectively . For the range 800/500°C the correlation is. al-
rnost as good (94%) for the first (start) transformation temperature , 
whilst for the range 1100/500°C it i s 95%-
In line with the current approach to the classifification of weld 
metal microstructures / 242 / , we can say that the single pass welds 
made in this investigation are composed mainly af Acicular Ferrite, 
Ferrite with aligned M-A-C (ferrite containing Martensite-Austenite or 
Carbide phases) , and Martensite . Therefore, in Table 8 . 10 the first 
and second Transformation Temperatures should correspond to Ferrite with 
aligned M- A-C and Acicular Ferrite, respectivel y . 
It must be recognised, however, that the weld metal secondary micro-
structure classificati on is not well defined. Proof of this is the 
relatively recent ' Robin Round No . 3 ' / 263 / , in which the author partici-
pates . The exercise has demonstrated that there is still not a broad 
consensus on microstructure morphology definition . 
In counterpart , the ' Robin Round No . 2 ' , exercise , in which the author 
did not participate but close followed the solution, showed up another 
important point about quantitative metallography. Among three relatively 
experienced people in the science (art) of me t allography, we were witness 
that two quantified a same metallographic constituent (ferrite wi th ali-
gned M- A- C) in a same photomicrograph , wi th a difference o f ~ 300;& in their 
results . These facts , of course, do not increase the author ' s confidence 
on the present \'/eld me t al quanti ta tive metallography 1 state- of-the-art 1 • 
8 . 8 Solidification cracking and secondary microstructure connexion 
The opportunity to analyse the sol id state path followed by solidifi-
cation cracking might have been unnoticed in Section 8. 7 . 2 . 2 (i) and (ii ), 
when Figures 8 . 32 (a) and 8 . 33 (d) v1ere shovm. In these figures it is 
clearly seen that the solidification cracking follows the same direct ion 
of the (lath) boundary. Figures 8 . 40 (a- c) show other aspects of this 
correspondence, which v1ere common for all v1elding condi tions wi th this 
defect. Figure 8 . 40 (c) is a detail examined under SEM of Figure 8. 40 
(b). They show tha t the crack tip follo,.,s a line o f (likely) carbides , 
just besides the ferri te with aligned M- A- C microconsti tuen t. As \·/e 
have s hown in Section 8. 7 . 2 . 2 the welds investigated have the ô -den-
drites confined in the y -boundaries. As the cracks are of the sol idi-
fication type (demonstr ated throughout this work and specially in Section 
8 . 3 . 1), we can only deduce that in the previous examples a ô - dendrite 
was beside the y - boundary. 
~ainly from Figure 8 . 40 (c) can be deduced the possibility of 'cold ' 
cracking developing prior to sol idificati on cracking . In fact , in Section 
8 . 3 . 1 we have indicated that Figure 8 . 5 (a) has an irnportant feature . 
It shows that at the crack tip (the l ast stage i n its formation) some 
dendrites bend upwards, perhaps due to the build-up of thermal stresses. 
The important point is seen after the end of the clearly inter- dendritic 
centreline cracking . There initiates a thin one , which seems to cross 
many dendrite secondary arms . Thus , this thin cracking could have had 
origins at temperatures belovl the sol idification point and to be either 
of the 1cold 1 or high temperature (not solidification) type . ·~ · 
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The evidences are small but relevant, and 'ne can deduce that 
solidification cracking can give origins to the ' cold ' type , due 
perhaps , only to mechanical forces build- up a t the crack tip, which 
acts as a stress concentration factor . 
8. 9 General discussion on solidification cracking and its 
relat ionship with secondary microstructure 
8. 9. 1 Test specimen geometry and cracking 
Frorn a critical compilation of weldability tests done by the 
author some years ago I 264 I it could be inferred that two kinds of 
criticisms were made on this subject: t hat coming from individuals with 
no R & D experience, stati ng that these tests are useless ; the other , 
made by people with no production experience, claiming that these tests 
are ideal . 
v! e think that those wi th some experience in both environments 
would agree that the following points on the objectives of a weldabi lity 
test are closer to the truth : (a) a high degree of simulation can be 
reached,permitting predictions to be rnade , but it is not a substitute 
of actual production , the final and definitive test : (b) on several 
occasions the researcher is not at all interested to repeat the actual 
welding conditions found in a production shop , for the objective is to 
monitor and to investigate the origins andlor progress of a particular 
phenomenon , unlike to allov1 such a systematic observation outside the 
conditions offered by a labor atory ; (c) it is much more sensible to 
spend a few thousand pounds to get right the gener al tendency of the 
material when welded , than to lese millions of pounds directly welding , 
in a completely wrong v1ay, the actual structure . 
The design of the specimen used t hroughout this investigation was 
rightly chosen, for it fulfilled the conditions assigned to it in 
Section 8. 1, viz : repeatable geometry ; consistent and reproducible weld 
metal cracking ; some similarity v1ith practical conditions. After re-
peating ·four times one welding condition (H 674 L4) , the average crack-
ing size was the same ! 10%, a deviation considered good. The geornetry 
was kept within the limi ts described in Section 8.1 and the latter con-
dition was at least partially achieved , for in submarines , for example, 
v1e knO\.,r that stiffeners are placed on the plates in a similar way they 
were here , (albeit with larger distances betHeen them) . Furthermore , 
to approach the temperature distribution of a plate of infinite width, 
the specimen half- YTidth should be around I 265 I ten times the average 
Held bead width . This was pract i cally accomplished for all weldi ng 
conditions . The same amount of flux ·over the plates , together wi th 
the above conditions created an approximate constant environment for 
the weld pool, other parameters being the same . 
The cracking quantification through its size measurement is a 
widely accepted practice to assess the defect tendency , a s shown, for 
example , in the wor ks of HOULDCROFT I 266 I , SAVAGE and LUNDIN I 202 I, 
GARLAND and BAILEY I 154 I, and in the comprehensive review on weld-
abili ty tests done by BORLAND I 244 I~ 
In this work the cracking susceptibility could be compared betHeen 
welds through both their cracked bead percentage and also the crack- no-
crack c-fúcept . 
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8 . 9 . 2 Analysís of results 
I n Tables 8 . 11 (a,b) ít can be seen all the results as regards 
solídification cracking t endency f or base s teels Q2N and HY100 , r esp-
ectively. In each box is the cracked bead percentage or an indication 
if it contains transver se cracking, for each welding condition. A 
crack-free specimen is indicated in t he box through a zero . 
First of all we would lL~e to compare both t ables seeking different 
results given by the base steels . 
(a) As regards freedom from centreline solidificati on 
cracking , the welds rnade on Q2N and HY100 s teels 
have shown 10 and 7 specirnens , r especti vel y ; 
(b) Completely crack-free s pecimens (5) were obtained 
only in the Q2N steel ; 
(c ) Welding parameters of 6 . 3 mm/s , 400 A, 1 . 9 KJ/mm wer e 
ah.rays crack- f ree for welds on Q2N steel , whilst those 
welds on HY1 00 steel were alv1ays cracked ; 
(d) The v1elds made on Q2N have al\-1ays shown less cracking 
tendency , for each v.relding condition. 
Thus , the r esul ts have shown the Q2N a s t he less susceptible steel 
to soli d ification cracking . Reasons for this behaviour are found 
below. I t must be recognised , however , that several phenomena can be 
explained through indirect observation only , and this seems to be the 
case. 
I n Chapter 6 \-le have seen tha t both steels have a very similar 
chemical compos ition . However , the HY100 steel showed up as the more 
pot ent i ally susceptible to solidification cracking , when both steels 
were compared through the use of t he empir i cal formulae based on the 
chemical elements combined effect on this defect (Sections 4 . 3 . 2 and 
6 . 2 . 3) . At that stage we cautioned the reader about the appli cability 
of these for mulae , but i t is important to notice that in ge neral they 
agree that carbide forming element s have a favourabl e influence in re-
ducing t he s teel susceptibi lit y to solidification cr acking . We also 
must point out that there is seven times more vanadium in the Q2N than 
i n t he HY100 s teel (Table 6 . 1) and that , as a consequence , the welds 
on the former steel have this element a t least f ive times more than in 
the \-.relds on the latter s t eel (Table 8. 5 (c)) . 
Therefore , we cannot complet ely disregard t he indicat ion gi ven by 
those formul a e simply because there is not (yet ) a total explanation 
(theoretically based) on the principles involved in their action. At 
l east for base steels , welded under exactly the same conditions, it i s 
s ignificant that the difference in behaviour showed up by t hem agrees 
well wi t h the results obtained. 
The base steel s metallographic analysi s (Chapter 6) has shovm that 
despite the apparent larger inclusion colonies found in the HY100, they 
have s i milar mi crostructure , but only at light microscopy l evel (Figures 
6 . 1 and 6 . 2) . The examination of these steels under TEM disclosed 
that their carbides are different, at least in shape , s i ze and di strib- .,.. 
..... 
.. 
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ution overthe matr i x (Figures 6 . 5 (a- e) and Section 6 . 2 . 3) . 
In Section 4. 4 (Chapter 4) there is a lengthy discussion on base 
metal high (transient) temperature mechanical influence on solidification 
cracking tendency. There it also was seen how relatively small differ-
ence in che~ical composition andl?r heat treatment can make the base 
steel behave in a completely different way,as far as solidification 
cracking is concerned. Thus , both steels could have, a t high temper-
ature, different mechanical response to thermal stresslstrain. This 
fact could make one of them (Q2N) relieve more than the other metal 
around the weld pool, leaving less strain to be absorbed by the weld 
metal in the ' mushy ' state . In fact , a simple experiment with heat 
treatment in specimens from both steels (Section 8. 6 . 1) have shown 
that this reduces solidification cracking in welds made on them. 
Another point of interest is that welds on HY100 have shown more 
centreline segregation than those made on Q2N s teel (Section 8 . 6 . 3) . 
Therefore, we are compelled to believe that two possible or1g1ns 
for the greater solidification cracking tendency shown by the HY100 are: 
(1) high temperature mechanical 'properties, inducing the steel to 
relieve l ess the metal around the weld pool and (2) unfavourable chemi-
cal composition balance . 
The above arguments , v/e think , can explain the observed pb.enomenon 
on the base steels behaviour side. The fol lowing discussion will 
concentrat e on solidification cracking tendency induced by welding 
parameters , fluxes and wires. It will also disclose chemical differ-
ence , brought up by the base metal s . 
Firstly , v/e would like to introduce five tables which have some 
facts to add to t he discussion. Tables 8. 12 to 8 . 16 show different 
aspects of chemical analysis and how they can influence the solidifi-
cation cracking tendency. Table 8 . 12 is an evaluation of the 
\o/ILKINSON , CCY.rl'RELL and HUXLEY formula I 133 I for all the available 
weld chemical analysis. In each box (each we l ding condition), the 
first and the second l i nes are the result of this formula for welds in 
Q2N and HY100 steels , respectively. The last line in the box indicates 
which weld is more susceptible to solidification cracking . I t is 
import ant to remember that the higher this value , the higher i s the 
predicted solidification cracking tendency. As can be seen , all welds 
on HY100 steel have larger values than in Q2N steel . However , there 
is not a corresponding increase or decrease in solidification cracking 
tendency for ... 1elds made in the same steel , but at di fferent weldi ng 
parameters . This might be an indication that welding parameters 
changes cause stronger effects than the difference in chemical balance 
(at this level.) 
In Table 8 . 13 the available carbon and sulphur analysis for welds 
made on both steels were collected for each welding condition . Again, 
as a consequence of base steel , carbon and sulphur are higher in all 
,.1elds on HY100 steel, v1ith only one exception (6 . 3 mm/s , 1. 9 KJimm), 
wi th sulphur slightly higher in the Q2N steel . 
Low manganese-to- silicon ratio has been shown (Chapter 4) to in-
crease solidification cracking severity. In Table 8 . 14 this fact is 
1:.· 
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confirmed, for all the welds on HY100 show it lm·1er than the v1elds on 
Q2N steel . We are not stating, of course , that this is the unique 
factor, but it seems to be a relevant one . 
Relatively high carbon equivalent for solidification cracking 
- CE(SC ), together with phosphorus is a other factor , and it is a 
dangerous combination, as seen in Chapter 4 (works of NAKAGA1t/A et al 
/ 134 , 140 - 1Lt4 /) . The same authors have also shown that Mn5 /S is 
a better ratio to indicate solidification cracking tendency in the 
class of steels here discussed . Tables 8 . 15 and 8 . 16 shO\o/ these 
factors . It can be seen that the combinat ion of highest CE(SC) and 
phosphorus are found in \olelds on HY100 steel (Table 8 . 15), whilst the 
lowest Mn5/s ratio is also found in welds on this steel (Table 8 . 16) . 
Therefore we think that the data contained in these tables rein-
forced the point of chemical balance influence on solidification crack-
ing , as stated before . 
In both Tables 8 . 11 (a,b) it is striking that welds using LINDE 95 
wire and OP41TT flux v1ere the most affec ted by centreline solidification 
cracking , for all welding parameters . As seen in Figures 8 . 8 and 8 . 9 , 
welds made using LINDE 95 wire and OP41TT flux show a definite pro-
gression of this defect Hhen the current increases at constant speed , 
or as it i ncreases a t constant speed . Using 6 . 3 mm/s and increasing 
the current (from 400 A to 770 A) , the weld bead height- to- width ratio 
(H/W, Table 8. 3 (a )) increases from 1 . 1 to 1 . 6 and this could be one 
explanation for the increase in solidifi cation cracking tendency. 
However , using 770 A and increasing the speed (from 6 . 3 to 13 . 8 mm/s ) , 
the H/\•/ ratio slightl y decreases , but the cracking tendency strongly 
increases . As there is not any s ign of change in chemical composit ion , 
this increase in solidification cracking susceptibili ty may be caused 
by different stress fields (Section 8 . 6 . 1) , but \·/e have not direct 
evidenc e to show. However , the primary macrostructure morphology 
(Section 8 . 6 . 2) might explain both behaviour . Firstly , wi th the in-
crease of current a t constant speed, the centreline changes from 
' stray ' to ' competitive columnar' type , competing at the centreline 
in zigzag , as shown in Figures 8 . 18 (a , b) , respectively. Together 
\vi th the change in morphology , the angle ('a: ' - Section 8.4) beh1een 
the dendrite and t he centreline rapidly increases . Also , the dendrite 
size increases more than three times in this range of welding parameters 
(see Table 8 . 6 for both factors ) . 
As speed increases at constant current , the centreline changes 
f rom that already shoHn in Figure 8 . 18 (b) to an almost perfect ' centre-
line ' type in Figure 8 . 18 (c) , wi th the dendr i tes meeting a t the Held 
centre in a well - defined straight l ine . The angle ' a: ' practically 
does not change (it slightly increases ), and the dendrite is reduced 
to littl e less than half from its original size . 
As we have seen in Chapter 3 , in front of the solidification inter-
fac e there is a solute build-up . When the dendr i tes meet a t the weld 
centreli ne the amount of low melting point elements increases , as well 
as the cons titutional s upercool ing extent . This effect is much more 
enhanced wi th the dendri tes increasing in size , and v1ith the angle 
' a: 1 , f or i t is a component in the determi nation of centreline struc-
ture forming as a straight line . Also, both factors act together 
i ncreasing the solute concentration a t the v1eld centre . Another r:.· 
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point is the formation of vertically growing dendrites at the centre-
line , as found in welds usiP~ the LINDE 95/0P41TT wire/flux combination 
(Section 8 . 6 . 2) , v1hich seems to offer to the stress their weakest 
resistant section. 
The change in flux from OP41TT to OP121TT has a beneficial effect 
on those welds made at 6 . 3 mm/s welding speed . This fact can be seen 
in Tables 8 . 11 (a,b) and it was illustrated in Secti on 8 . 6 . 2 through 
comparison of Figures 8 .1 9 (a ,b) and 8 . 20 (a , b) . The OP121TT flux 
seems to induce the formation of equiaxed dendrites at the weld centr e-
line , being perhaps an effect of the apparent different characteristics 
of this flux. In Section 6 . 3 . 2 we have shovm that t he amount of gas(es ) 
released by the OP121TT flux is more than twic e that realised by the 
OP41TT flux, and this may be one factor in the process. The effect is 
noticeable only at 6.3 mm/s welding speed, as said before . At higher 
Helding speeds the hea t balance and weld pool shape seem to dominate 
the microstructure , as we have seen in Section 8 . 6 . 2 . The microsegre-
gation is also affected by t he flux type, as shown in Section 8 . 6 . 3 , 
and welds made v1ith OP121TT hav;e less centreline microsegregation. 
Thus , at least b.,ro factors cooperate to induce better resistance to 
solidification cracking i n v1elds made using OP121TT flux : a tendency to 
have equiaxed dendrites at the centreline , and (perhaps as a consequence 
of this ) less segregation at this region in the Held metal . 
The e ffect of wire change can also be assessed from Tables 8 . 11 
(a,b) . The OERLIKON S3 l eads to a large reduction i n centreline 
solidification cracking , and only the 13 . 8 mm/s welding speed welds 
have i t . As shown in Table 8 . 14, the OERLIKON S3 wire has the best 
manganese-to-silicon ratio, much higher than using LINDE 95 wi re . In 
Section 8 . 6 . 3 it was also seen that the OERLIKON S3 wire produces less 
centrellne segregation. Therefore, it seems that these factors combine 
to give a better resistance to solidification cracking. 
In Tables 8. 11 (a ,b) it can be seen that either the change in flux 
to OP121TT , or v1ire, to OERLIKON S3 , leads to a general improvement in 
the resistance to solidification cracking. Hov1ever , for some v1elding 
conditions, the centreline cracking i s replaced by the transverse type . 
The onl y explanation we can give for this phenomenon follows . Changing 
flux or wire does not practically alter the stress field around or with-
in the \veld pool. As the OERLIKON S3 v1ire or OP121TT flux induced less 
centreline segregation or a macrostructure less prone to centreline 
solidification cracking , or both, some welds simply could not tear any 
more along the centreline and had cr acks along the interdendritic spaces 
in the transverse areas. In other words , the stress effect (the crack-
ing) simply was transferred to regions of lov1er resistance to it . 
As concluding remarks, we still bave to point out two factors in-
directly related to this phenomenon. The wel d pool retention time 
(Section 8 . 5) has also an effect on the solidifi cati on cracking tendency , 
at least through the change in chemical composition and amount of fused 
slag. In this \vork, as seen in Figures 8 . 15 and 8 . 16 the elements 
silicon and manganese have shown a change in the bulk analysis . The 
effect on microsegregation , however , is unknown and it might be higher 
than the overall one . On the other hand, the flux takes heat from 
the are to melt , leaving less to the weld metal , and different amounts 
of fused slag around the weld pool can mod~y the balance among the 
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surface tensions invol ved in the process during welding, as ·:~e have 
seen in Chapter 3. 
The dendri te grO\•Jth direction behaviour wi th weldi ng parameter s 
change is also an important factor . As vle have seen in Section 8.4 , 
current is the most .significant parameter related to it (Ta ble 8. 6) , 
within the limits of our experiments . The explana tion might be tha t , 
as the current increases there i s a consequent incr ease in penetrat ion , 
leading to a geometrical change in the weld bead . The hea t (mainly at 
the weld centre) tends to flow almost parallel to the base plate and the 
angle betv1een the dendrites and the weld centreli ne increases . 
Thus 1 follovJS a summary of the most i mportant factors thought to 
affect s olidification cracking tendency. This l is t is certainly not 
complete and rnust be follov1ed by the 1unknovm 1 factors : 
(a) Factors thought to enhance the soli difi cati on cracking t endency : 
Ferrite stabiliser elements 
Large solidification range 
Macrostructur e forming at the vJeld centreline a 
low s tress resistant structure (centreline etc . ) 
Metal around the weld pool does not relieve strain 
at high temperature 
Low Mnk/S r atio (where k = 1, 3 or 5) 
Lov1 Mn/Si r atio 
Great l i quid film thickness between the solidified 
-fac es 
Unfavourable joint and weld bead geometry such as 
high H/W rat i o and groove angle around 60° 
Large dendrite size 
High dendri te grov1th direction angle 
Combined effects of elements such as carbon, nickel 
and phosphorus etc . 
(b ) Factors thought to decrease the solidifi cation cracki ng tendency : 
Carbide forming elements 
Short solidification range 
Macrostructure forming at the weld centreli ne a 
high stress resistant structure (equiaxed etc . ) 
Metal around the pool reli eving strain at high 
temperature 
High Mnk/S rat io 
High Mn/Si ratio 
Small liquid f ilm thickness beh1een the solidified 
faces 
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Favourab1e joint and we1d bead georeetry such as 
1ow H/H ratio and groove ang1e around 0° or 1200 
Smal1 dendrite size 
Low dendrite growth direction angle 
Furthermore , a factor such the weld pool retention time can have 
double effect through its action on the formation of slag and chemical 
recovery . Also have double effect factors such as flux physical prop-
erties on the weld metal geometry or microstructure , or its influence 
on the elements recovery . 
From the studies on ,,1eld metal microstructure, we think that one 
of the most significant factors there disclosed was the possibility to 
hav~ ' cold ' or high temperature (not solidification) cracking origin-
ating from existing solidification cracking . As seen in Section 8 .8, 
it is quite possible that the crack tip shown in Figure 8 . 5 (a) might 
have originated a lo"1 temperature crack. I f this i s the case , vle 
believe that the mechanical forces building up at the crack tip , which 
acts as a stress concentration factor, shou1d be blamed for this crack 
propagation. 
Another interesting possibility , disc1rnsed principal1y in Figure 
8. 40 (c), is the association of the solidification cracking path with 
(likely) carbides . This would confirm the segregation either of solid 
carbides during so1idi fication , or carbide former e1ements , as advanced 
in Chapter 3, and would call for spec ial attention as regards their 
homogenisation. Hovrever , i t is not clear vthether this segregation is 
benef icial or not . 
8 . 10 Summary 
In this chapter experiments were successfully made in arder , 
principally, to study the weld metal solidification cracking origins 
and tendencies of two High Yield Strength Quenched and Tempered Steels 
(HY100 and Q2N ), two different wires (LINDE 95 and OERLIKON S3) , and 
two different fluxes (OP41TT and OP121TT) . As additional information, 
the secondary "teld metal microstructure "tas moni tored , as v1ell as hard-
ness and thermal cycles . 
The cracking occurring in the tests was unmistakably identified 
as of solidification type, through inspection of its (dendritic) faces 
in the SEM and special etchants under light microscopy. 
The cracking susceptibility assessment was dane through the con-
cepts of cracking size , crack- no- crack and presence of transverse 
cracking. Together wi th these parameters, all major "teld bead dimen-
sions were measured . Also the amount of fused flux for each welding 
condition was evaluated and weld bead ripple lag measured. 
The dendrite size was measured for all welds and found to be re-
lated to change in "telding parameters and "teld bead geometry. As 
these measurements were dane in a longitudinal section, a ' correction ' 
component for the dendrite size had to be introduced . This was the 
angle between the dendrite growth direction and the weld bead symmetry 
line, as seen in the transverse section. Thus, the dendrite size 
1'::· 
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changes with welding parameters at different rates. from those seen in 
the cutting section . Furthermore , there is a strong correlation be-
tween the actual dendrite size , :·relding parameter s and weld bead height-
to-width r atio , and with the weld bead external area- to- perimeter ratio . 
Also , it was noticed that the dendrite growth direction angle is 
strongly influenced · by the pov1er in pu t (U x I) and changes very li ttle 
with welding speed , within the limits of our experiments . 
An approximate weld pool retention t ime has been also proposed, 
calculated through the weld bead ripple lag-to-•t~elding speed ratio . 
This parameter correlates well with fused s l ag amount . Also , its 
effect on deoxidants like silicon and manganese was observed, and there 
is a decrea se in the i r recovery ~ with longer weld pool retent ion time . 
Stress relieving t he tvto different base steels l ed to an increase 
in vteld metal resistance to solidification cracking. As there was not 
change in chemical composition , this must be resultant from the (probable) 
decrease of the base metals s tress level through this stress relief . 
Consi deration was given to the stress fields vtithin and around the \·leld 
pool . The weld bead height- to- width ratio did not give a reasonable 
correlation vTith cracking tendency , and has not shovm to be the strong-
est factor involved in this process . Different chemical composition 
balance and carbides beb1een both steels was pointed out and , as a 
consequence , the possibi l i ty of different mechanical responses at high 
(transi ent ) temperatures . 
The primary (solidification) macrostructure morphology and its 
Q.i kely) influence on cracking tendency vias analysed . In t he vteld bead 
transverse s ection at least four types of sol idificat ion macrostructure 
v1ere notices : stray ; competi tive columnar ; centreline ; equiaxed . 
The welding parameters influence on the primary macrostructure 
was monitor ed. For the l owest welding speed and energy input (6 . 3mm/s ; 
1 . 9 KJ/mm) and usimg OP41TT flux , i t is ' stray ', with some vertically 
growi ng dendrites at the weld centre . As t he current increases it 
changes to 1competitive columnar 1 • Keeping the highest current ( 770N 
and increasing the speed , the macrostructure is 1 centreline 1 at 13. 8 ~~vs . 
Changing the flux to OP121TT has an effect on the weld solidification 
macrostruc ture a t 6 . 3 mm/ s v1elding speed only. The 1 stray 1 macrostruc -
ture is maint ained , but without vertically growing dendrites , and any 
existing centreli ne cr acking disappears. Increasing t he current using 
OP121TT flux leads to the formation of some equiaxed structure . 
Microsegregation was detected through meta llographic means . 
made on HY100 had the tendency to shov1 higher microsegregation. 
OP121 flux seems to decrease the microsegregation concentr a tion, 
working through its i nfluence on solidifiqation macrostructure . 
change in wire had no conclusive effec t on t he microsegregation, 
the OERLIKON S3 seems to induce less at the centreline . 
1:/elds 
The 
perhaps 
The 
but 
The general results have s hovm that the vlelds least susceptible 
to solidificati on cracking vrere those made using Q2N base steel , 
OP121TT flux and OERLIKON S3 or LINDE 95 wire . Based on all the data 
disclosed during thi s study, explanations were given to each case , 
bein~ a complex interaction betHeen chemical composition balance and 
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high temperature properties of both steels, microsegregation , primary 
(solidification) macrostructure morphology and welding parameters . 
The weld secondary microstructure , hardness and thermal cycles 
were monitored as complementary information on the subject . The 
hardness progression with cooling time •t~as analysed . The highest 
hardness for each welding parameter was obtained for welds using LINDE 
95 wire . 
Both steels have shO\vn the same sensitivi ty to thermal cycles, as 
regards HAZ v1idth and microstructure (light microscopy) , v1hich was 
essentially martensitic . The HY100 steel sh01t1ed up some complex in-
clusion colonies within the coarse HAZ. 
· The weld microstructure was analysed for high (4. 1 KJ/mm) and lovr 
(1 . 9 KJ/mm) energy input welds through three different techniques : 
light microscope ; SEM; TEM. 
The OP41TT flux seems to induce a coarser microstructure than the 
OP121TT , but no measurements 'were made to confirm this point . Also , 
no metallographic differences vrere noticed between the tvro wires. 
At light microscopy level, areas of martensite, acicular ferrite 
and an unresolved lat h structure were detected . Only the use of TEM 
resolved the lath microstructure, which shO\·Jed up to be ferr i te wi th 
aligned M- A- C and autotempered martensite . 
During this investigation, ' islands 1 were found in the vreld metal, 
vli th hardness well above that of the surrounding matrix. 
Thus , considering the expected phases order of appearance and the 
measured thermal cycles, the welds under study are composed mainly of : 
ferrite with aligned M- A-C, acicular ferrite , and autotempered marten-
site , phases which should have formed in this order. 
Evidence \·ras found of 1 cold ' and/or high temperature (not solidi-
fication ) cracking formation from existing solidification cracking. 
Also , it vras disclosed a possible carbide segregation follO\ving the 
solidification cracking path . 
:~' 
Table 8 .1 - Wolding Conditions for each Parent Stoel Plate 
Specimons • 
11641 
or L4,54,Ll , Sl 
Q641 
11662 
or L4,S4,Ll,Sl 
Q662 
11674 
or L4 , S4,L1,S1 
Q674 
11961 
or L4 
Q961 
11972 
or L4 
Q972 
111371 
or L4 , S4,L1,Sl 
Ql371 
Wolding Spoed 
(m.m/s) 
6.3 
6.3 
6.3 
9.5 
9,5 
13.8 
Current 
(A) 
400 
600 
770 
600 
770 
770 
Are 
Voltage 
(V) 
30 
30 
34 
30 
34 
34 
Noto: L4,S'l , Ll,Sl Refere to the !ollowing Wiro/Flux Combination 
L1 = LINDE 95-A/OP41TT S4 = OER 53-Ni Mol/OP41TT 
Energy lnput 
(JCj/m.m) 
1 . 9 
2.8 
4.1 
1,9 
2,8 
1.9 
Ll = LINDE 95-A/OP121TT 51 "' OER S3- N1 Mol/OP121TT 
• All Specimenâ were Weldod with 120°C Proheat Temperatura and Flux Baked two hours at 450°C 
1-' 
~ 
.t· 
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TABLE 8.2 - SOME SYMBOLS FROM TABLES 8.J (a ,b) AND 
8.4(a ,b) AND THEIR ~ffiANINGS 
(SEE FIG . 8. J ) 
H/W: Weld Bead Height/Width Ratio 
r :/W : Weld Bead Ripple Lag~Vidth Ratio 
2 \ffl/2 (mm ): Theoretical Weld Bead Area Considering it as a Perfect 
Isosceles Triangle (But ! and ~ are actual measurements) 
P (mm) : Theoretical Weld Bead Perimeter1 Considering it as a 
Perfect Isosceles Triangle (= (4H2 + W2 )1 + W) 
\ffl/2P: Theoretical Weld Bead Area(Perimeter Ratio 
D (%) : Dilution (= AP/AT x 100) 
GAE (Kj): Net Gross Are Energy Input ( = Ex Weld Length) 
SWL (g/mm): Fused Slag~'leld Length Ratio 
SWT (g/s): Fused Slag~Veld Time Ratio 
2 S\~/AT (g/mm . mm ): Ratio Giving the Approximate Amount of Fused 
Slag per Volume of Fused Weld Metal, but Intentionally not in 
Units of g/mm3 
TABLE 8.J(a r WELDING CONDITIONS ANO BEAD GEOMETRY FOR EACH WIRE/FLUX COMBINAT I ON 
MEASUREMENTS X10-1 . APPROXIMATE ERRORS : LINES=5% . AREAS=6% 
' 
w X H d H/W r r/W WH/2 p WH/2P 
( fTifTI) < mm) ( mm) (mm) < mm) < mm2) (mm) ( mrn) 
611L1 100 80 110 90 11 1!10 19 550 340 16.2 611 L1 
662L1 130 140 180 110 14 220 19 1170 510 22 . 9 662L1 
671L1 140 190 220 120 16 250 18 1540 600 25.7 671L1 
I 
t-' 
"' 96 1L1 100 110 150 100 15 240 24 750 420 17,8 961L1 "' 
972L1 110 150 180 110 16 310 28 990 490 20.2 972L1 
1371L1 100 120 140 100 14 370 37 700 40 0 :17,5 1371L1 
I 
61 1S1 99 80 102 91 10 17 0 17 50 0 33 0 15 .1 611S1 
662S1 135 131 165 107 12 210 16 1080 490 22,0 66251 
67qS1 1 38 185 205 129 15 240 17 1410 570 24,7 671S1 
137151 88 113 125 106 14 J50 40 550 250 15.7 137 ~ S1 
:':"f 
TABLE B . J~)- WELD ING CONDITIONS ANO BEAD GEOMETRY FOR EACH WIRE/FLUX COMBINATION 
MEA5UREMENT5 X10 -1 . APPROX IMATE ERROR5 : LINE5=5% ; AREA5=6% 
w X H d H/W r r/W WH/2 p WH/2P 
( rnm) ( mm) ( mm) (mm) (mm) < mm2 > ( snm) ( mm ) 
64 1L1 108 82 10 7 89 9.9 210 19 580 350 16.6 61 1L1 
662L1 127 127 162 109 12.7 230 18 1030 470 21.9 662L1 
671L1 141 194 215 127 15.2 ~70 19 1520 590 25.8 671L1 
I 
1-' 
1371L1 .1 371 L 1 0\ 97 126 1110 108 14.4 350 36 680 390 17.4 --..J 
61151 106 76 103 91 9 . 7 180 17 55 1) 340 16.2 61151 
66251 122 127 162 103 13.3 210 17 990 470 21.1 66251 
67151 135 195 211 127 15.6 250 19 1420 58 0 21.5 671S1 
1 37 1 51 87 112 124 106 14.2 340 39 54() 350 15.4 137151 
TABLE 8.4(a} - WELOING CONOITIONS, CRACKING SIZE, OILUTION, ANO FUSED SLAG < FUNCT I ONS ) 
FOR EACH WIRE/ FLUX COMBINATION 
lc h c AT AO AP o GAE SWL SWT SWL/AT 
SD CX10-3) CX10-3) cxua-6> 
( /. ) ( l. ) ( mm2 > ( mm2) < mm2) (%) < KJ > ( g/mm) ( g/s) ( g/mm .mm 2 ) 
641 L4 Q-0 Q-0 95 39 56 70* 5 70 150 945 1579 641L4 
H- 0 H-24 ( 3) 
662L4 Q-0 Q-11 157 61 96 73* 840 183 1155 1166 662L4 
H- 0 H-25 ( 3) 
674L4 Q- 0 Q-13 233 82 1 51 76* 1230 227 1428 974 671L4 
H-0 H-31 ( 3) 
I-' 
961 L4 Q-0 Q-28 112 43 69 80* 961L4 Ü"\ 5 70 117 1108 1045 co 
:~' H- 100 H-50 ( 3) 
972L4 Q-0 Q- 32 170 57 113 78* 840 153 1457 900 972L4 
H-100 H-59 ( 3) 
1371L4 Q-38 Q-51 97 35 62 82* 570 103 1426 10G2 1371L4 
H-100 11-68 ( 3) 
64 1S4 Q-0 Q-0 75 32 42 57 570 180 1134 2400 611S4 
H-0 H-13 
662S4 Q-0 Q-T + 141 55 87 62 840 183 1239 1298 662S4 
H-0 H-T 
674S4 Q-0 Q-T 220 72 147 69* 1230 250 1575 1136 674S4 
H- 0 H-T (2) 
137154 Q-100 Q-35 107 35 72 67 570 123 1702 . 1150 1371S1 
H-100 H-68 
TABLE 8.4(b) - WELDING CONDITIONS, CRACKING SIZE, DILUTION, ANO FUSED SLAG ( FUNCT I ONS ) 
FOR EACH WIRE/FLUX COMBINATION 
L c h c AT AO AP o GAE SWL SW T SWL/AT 
50 <Xl0- 3) < Xl0- 3) <X 10- 6 > 
</- ) <?. ) ( mm2) ( mm2) (mm2) (%) < KJ) < g / mm) < g/s) (g/mm.mm2) 
611L1 Q- 0 Q-0 91 40 51 56 5 70 146 924 1604 611L1 
H-0 H-T 
662L1 Q-0 Q-T 150 - - - 840 177 1113 1180 662L1 
H-0 11-T 
671L1 Q-0 Q-0 252 86 166 78* 1230 230 1449 !)13 671L1 
H-0 ll-17 (3) 
..... 
1371L1 r 1371L1 "' Q-54 Q-54 llS' 40 78 66 570 150 2070 1271 'i) 
H-100 Il-80 
611S1 Q-0 Q-0 72 30 42 58 570 150 945 2083 611S1 
H-0 11-T 
662S1 Q-0 Q-T 140 - - - 840 173 1092 1236 662S1 
H-0 11-T 
671S1 Q-0 Q-T 205 70 135 77* 1230 213 1344 103!) 671S1 
H-0 1!-T (2) 
1371S1 Q-0 Q-39 105 - - - 570 113 1564 1076 1371 S1 
Il- 100 11 -51 
* Obtained from Chemical Analysis (Ni Recovery of 100% - See Text), 
_. 
TABLE &5~) - WELD METALS CHEMICAL ANALYSES < wt.% x 10 - 2 ) : VALUES ANALYSED < ANA ) 
' EXPECTED < EXP ), DIFFERENCE < DIF ), ANO THEIR RESPECTIVE ERRORS C!E ) 
c Si Mn C r Mo 
ANA EXP DIF ANA EXP DIF ANA EXP DIF ANA EXP DIF ANA EXP DIF 
<E> <E> <E> <E) <E> <E> <E> <E> <E> <E) 
Q641 L 4 15 13 2 30 26 4 84 78 6 89 101 -12 42 4 5 -3 Q641L4 
(2) ( 3) ( 1) ( 1) (2) (O) (6) ( 8) ( 5 ) (7) 
H641 L4 17 16 1 33 30 3 81 72 9 96 113 -17 39 41 -2 H641L1 (2) ( 3) ( 1) ( 1) ( 3) ( 1) ( 7) (9) ( !) ) ( 7) 
Q662L1 12 13 -1 27 25 2 76 72 3 9 1 107 -16 44 -15 - 1 Q662L4 (2) ( 3) ( 1) ( 1) (2) (0) ( 7 ) (9) ( 5) ( 7 ) 
' 1-' 
'"'l 
H662L4 16 16 o 32 30 2 79 70 9 104 116 -12 37 42 -5 H662L1 o 
:~'.1 ( 2) ( 3) ( 1) ( 1) ( 3) ( 1) (7) (9) ( 5 ) ( 7) 
Q674L1 12 13 -1 28 24 4 78 70 8 100 110 -10 41 46 -5 Q671L1 
(2) ( 3) ( 1) ( 1) (2) (0) ( 7) ( 9 ) ( 5) (7) 
H671L4 17 17 o 30 29 1 71 66 5 105 120 -15 41 42 - 1 H671L1 (3) (4) ( 1) ( 1) ( 3) (1) (7) (9) ( 5 ) ( 7) 
Q961L1 16 14 • 2 31 23 8 81 64 17 103 116 -13 4'1 47 -3 Q961L1 
( 3) (4) ( 1) ( 1) ( 3) (1) ( 7) (9) ( 5 ) (7) 
Q972L1 15 14 1 30 23 7 78 64 14 107 117 -10 43 17 -4 Q972L1 ( 3) (4) ( 1) ( 1) ( 3) (9) (7) (9) (5) ( 7) 
H972L1 17 17 o 32 29 3 71 66 5 111 120 -9 4 0 12 -2 H972L1 
( 3) (4) ( 1) ( 1) ( 3) n> (7> (9) ( 5 ) (07) 
T "'BLE 8.5(b) - WELD MET "'LS CHEM I C"' L "'N"'L YSES < wt% x 1 e -2 ) : V"'LUES "'NALYSED ( "'NA ) , 
EXPECTED < EXP ), DIFFERENCE < DIF ), ANO THEIR RESPECTI VE ERRORS ( !E ) 
c Si Mn C r Mo 
!IN !I EXP DIF ANA EXP DIF ANA EXP DIF ANA EXP DIF !IN A EXP DIF 
<E> <E> <E> <E> <E> <E> <E> <E> <E> <E> 
Q1371L1 14 14 o 28 23 5 72 63 9 103 118 - 15 4~ 47 -5 Q1371L1 
( 3) (4) ( 1) ( 1) ( 3) ( 1) ( 7) (9) ( 5 ) ( 7) 
H1371 L1 19 18 1 31 27 4 69 59 10 111 129 -18 38 '13 -5 H1371L1 ( 3) (4) (1) ( 1) ( 3) ( 1) (8) (10) (5) (7) 
Q671L1 15 13 2 28 25 3 83 74 9 96 105 -9 45 45 o Q674-L1 
(2) ( 3) ( 1) (1) (2) (O) (7) (9) (5) ( 7) 
I 
...... 
H671L1 16 18 -2 31 27 4 75 5 7 18 112 131 -19 44 43 1 H674-L1 ;:3 
( 3) (4) ( 1) ( 1) ( 3) ( 1) ( 8) ( 10) (5) ( 7) 
Q671S4- 16 15 1 20 17 3 78 81 -3 97 100 -3 54 52 2 Q671S4-
(2) ( 3) ( 1) (1) ( 2 ) (0) ( 6 ) ( 8 ) ( 1) (1) 
~67151 18 18 o 22 21 1 77 80 -3 105 107 -2 51 49 2 H671S1 
( 2) ( 3) (5) ( 7) (2) (0) (6) (8) ( 1) ( 1) 
Q671S1 13 16 -3 20 17 3 81 71 10 96 llO -14 52 52 o Q674-S1 
(2) ( 3) ( 1) ( 1) (2) (0) (6) ( 8) ( 1) ( 1) 
H674-S1 17 19 - 2 24 22 2 82 69 13 107 119 -12 52 48 4 H671S1 (2 ) ( 3) (5) ( 7 ) (2) (0) (6) ( 8) ( 1) (1) 
T ABLE 8.5 (c} - WELD MET ALS CHEM I CAL ANAL YSES ( wt% x 10 - 2 ) : VALUES ANAL YSED 
Ni Al Cu Nb Ti v w 
Q611L1 293 4 6 1 < 1 5 2 Gl611L1 
H611 L1 282 2 7 1 < 1 1 2 H6i1L1 
Q662L1 301 3 5 < 1 1 5 < 2 Q662L1 
H662L1 285 3 7 1 < 1 1 
.. 
2 H662L'I 
Q671L1 305 3 6 1 < 1 5 2 Q671L1 
H67'tL't 290 2 7 < 1 < 1 1 < 2 H671L'I ...... ~ 
N Q961L1 314 4 7 1 < 1 5 2 Q961L'I I ·~'!j 
Q972L't 315 5 7 1 ~ 1 6 2 Q972L'I 
H972L1 2 9 0 3 8 1 < 1 1 2 H972L1 
Gl137 1L1 316 3 6 1 < 1 5 2 Gl 1371L1 
H1371L1 300 2 8 1 < 1 1 2 H1371L1 
Gl671L1 299 3 7 - < 1 5 Gl671L1 
H67'1L1 302 2 7 - < 1 1 - H67'tL 1 
Gl67151 274 4 6 
-
< 1 5 
-
Q67'151 
.. 
H67'151 256 6 7 H67'15'1 
-
< 1 1 
Gl67151 2 9 2 3 6 < 1 ' Gl67'151 -
H67'tS 1 274 2 8 - < 1 1 - H67'15 1 
T~BLE 8.5(d) - WELD METALS CHEMIC~L ANALYSES < w~% x 10~): VALUES ~N~LYSED 
p s 8 Co Sn 0 N 
Q611L1 11 4 1 13 3 21 15 Gl61 1L1 
H61 1L1 13 4 1 13 4 23 .. H611L1 
Q662L1 10 5 < 1 16 < 10 - - Gl662L1 
H66 2 L1 11 4 1 14 4 - - H662L1 
C671L1 
9 3 1 13 3 21 15 C671L1 
H671L1 12 6 < 1 18 < 10 H671 L1 
- -
..... 
12 4 1 14 4 - - \j Q961L1 Q961L1 
Gl972L1 10 4 1 13 3 - - Gl972L1 
H972L1 12 5 1 14 4 - - H972L1 
Q1371L1 9 3 1 1 3 2 - - Q1371L1 
H1371 L1 11 4 1 14 4 H1371L1 
Q671Ll 12 7 - 12 10 20 13 Q67 1 Ll 
H671L1 14 7 13 10 21 H671L1 
-
1:167151 13 10 - 11 10 24 - Q67151 
H671S1 13 8 - 12 10 19 - H67 1 51 
(;167151 10 7 - 12 10 24 - Q67151 
H6715 1 14 8 - 12 10 22 H671S1 
TABLE 8.6 - SOLIDIFICATION CRACKING TESTS (SINGJ..E RUN): RELATIONSHIP DETWEEN WELDING CONDITIONS, 
DENDRITE GRO\ITH DIRECTION ANGLE, AND DENDRITE SIZE (APPARENT AND ACTUAL) , 
Weld Welding Parameters Ang le 
(*) 
Dendrite 
(**) 
Size 
C ode u I v Uxi a: Apparent Ac tual 
(V) (A) (mm/s) (VI) (o) -3 (mm x 10 ) 
641 30 400 6 . 3 12000 30 23 11.5 
662 30 600 6.3 18000 60 34 29 . 4 
674 34 770 6.3 26180 75 40 38.6 
972 34 770 9.5 26180 70 24 .. 22.5 ...... 
-...:! 
+:-
1371 34 770 13.8 26180 85 19 18.9 
(* ) Avera~e Standard Ueviation = ± 10% 
:~1 ( ** ) Avera~e Standard Deviation = ± 12% 
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TABLE 8 . 7 - SOLIDIFCATION CRACKING TEST (SINGLE RUN): 
RELATIONSHIP BETWEEN WELDING CONDIT!O~S , \YELD BEAD RIPPLE Li\G, WELD 
POOL RETI:NTION rrME, AND FUSED SLAG/WELD LEi'lGl'H RATIO. 
~ WIRE LINDE 95 OERLIKON 53 r~ U S;:::. .-9.-9~ 1.00 600 770 1.00 600 770 ~~ -t" X o 
o 19 22 25 17 21 24 
p 6·3 3.0 3.5 4.0 2.7 3.3 3.8 
150 183 227 180 183 250 
4 24 31 
1 9·5 - 2.5 3.3 - - -
117 153 
T 37 35 
T 13 ·8 - - 2.7 - - 2.5 
103 123 
o 21 23 27 18 21 25 
p 6·3 3.3 3 .6 4 . 3 2.9 3.3 4.0 
146 177 230 150 173 213 
1 
2 9 · 5 
- - - - - -
1 
35 34 T 13·8 - 2.5 - - 2.5 -T 150 113 
WELD BEAD RIPPLE LAG (mm) - (r) 
.---t---- WELD POOL RETENTION TIME (S) - (r/V) _ 3 ~....--+---- FUSED SLAG/WELD LENGTH RATIO (g/mm x 10 ) - (SWL) 
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TABLE 8 .8(a) SOLIDIFICATION CRACKING TESTS (SINGLE Rú11) : 
WELD METAL RARDNESS AND COOLHIG TIME 
ENERGY INPUT : 1. 9kJ/mm 
AVERAGE COOLING TIHE COARSE HAZ HARDNESS (PEAK) 
1100-800°C: 3.4 Q2N: 437 (HV5) 
800-500°C: 14 . 1 IIYlOO : 476 
Weld HARDNESS Weld HARDNESS 
Co de (HV5 ) Co de (HV5) 
Q641L4 392 ± to II641L4 407 ± 7 
Q641L1 401 ±4 H6tl1L1 104 ± 3 
Q641S4 352 ±6 H64184 371 ± 5 
Q641Sl 328 ±4 H641S1 357 ± 9 
A VEnAGE COOLING TIME COARSE IIAZ HARDNES8 (PEAK) 
- -
1 100-800°C: 4,18 Q2N: 405 (HV5) 
800-500°C: 15.18 H\'1.00: 442 
Weld HARDNESS Weld HARDNESS 
Co de (HV5) Co de (HV5) 
Q!J61L4 405 ± 9 H961L4 442 ± 13 
AVEnAGE COOLING TIME COARSE HAZ HARDNESS (PEAK) 
1100- 800°C: 3.38 Q2N: 463 (HV5) 
800-500°C: 13. 0S HY100: 487 
:veld HAR~ES8 We1d HARD!IESS 
Co de (IlV5) Co de (I!V!J ) 
'! 1371L4 424 ± 7 II1371L4 417 ± 8 
Q1371Ll 406 ± 6 H1371Ll 398 ± 6 
Q1371S4 388 ± 6 II1371S4 407 ± 5 
Q1371Sl 355 ± 8 H1371S1 395 ± 10 
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TABLE 8 . 8 (b) SOLIDIFICATION CRACKING TEST (SINGLE RUU): 
WELD METAL HARDNESS AND COOLING TI!.ffi 
ENERGY INPUT: 2. 8kJ /mo 
AVERAGE COOLING TI ME COARSC HAZ HARDNESS ( PEAI{) 
1100-300°C: 6.4S 02~1 3 • I : 4 2 (HV5) 
800-500°C: 27.1S llY100: 470 
Weld HARDNESS Weld HARDNESS 
Co de (HV5) Co de (HV5) 
Q662L4 339 ± 8 H6G2L4 354 ± 11 
Q662Ll 320 ± 4 H662Ll 334 ± 9 
Q662S4 320 ± 3 H662S4 361 ± 7 
QG62Sl 321 ± 4 HG62S1 332 ± 8 
AVERAGE COOLING THffi COARSE HAZ HARDNESS (PEAJ() 
ll00-800°C: 4. 5S Q2H: 439 (HV5) 
800-500°C : 24:4S HY100: 461 
Weld RARDNESS í'/eld HARDNESS 
Co de (HV5) Co de (HV5) 
Q972L4 381 ± 13 H972L4 373 ± 8 
ENERGY INPUT: 4 . 1kJ/mm 
AVERAGE COOLING TI!.!E COARSE HAZ HARDNESS (PEAK) 
1100-800°C : 10.7S Q2N: 437 (HV5) 
800-500°C: 49.5S HYlOO: 463 
Weld HARDNESS Weld HARDtiESS 
Co de (IIV5) Co de (HV5) 
Q674L4 337 ± 9 IIG74L4 349 ± 7 
Q674L1 339 ± 3 HG74L1 352 ± 5 
Q674S4 315 ± 6 II674S4 349 ± 6 
QG74S1 320 ± 5 HG74S1 327 ± 6 
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TABLE 8 . 9 
- SOLIDIFICATION CRACKING TESTS (SINGLE RUN): 
RELA'n'IONSHIP BETWEEN WELDING CONDITIOi'ÍS, CARBON EQUIVALENT ANO WELD 
METAL HARDNESS, (HV 5 ). 
~~ WIRE LINDE 95 OERLIKON 
L~ U s~~-9-9~,._, 400 -600 770 400 600 X ~o }'-
66/68 62/68 64/68 
- -o 392 339 337 352 320 p 6-3 407 354 
.. 349 371 36 1 
70/- 69/70 
I. 9·5 - 405 381 - -, 
442 373 
T 66/71 
T 13 -8 
- - 424 - -
417 
-
- 68/71 - -o 6-3 401 320 339 328 321 p 404 334 352 357 332 
1 
2 9-5 
- - - - -1 
T -13 ·8 406 T - - - -
398 
-2 
..,__- +----- CARBON EQUIVALENT (x 10 ) : Q2NjHY100 WELDS 
.,.....,_- +-- -- .AVERAGE WELD METAL HARDNESS: Q2N STEEL 
..,__- +--- - AVERAGE WELD METAL HARDNESS : HY100 STEEL 
53 
770 
69/72 
315 
349 
-
-
388 
407 
67/73 
320 
327 
-
-
355 
395 
TABLE 8 .10 - ESTIMATED PHASE TRANSFORMATION TEMPERATURES AND AVERAGE COOLING TIMES 
WELD ENERGY AVERAGE COOLING TIMES (S) FIRST TRANSFORMATION SECOND TRANSFOHMATION 
CODE INPUT 1100/800 800/500 (OC) (o C) 
(kJ/mm) o c o c START FINISH START FINISII 
Q641Sl 1.9 3 . 4 14.1 490 420* 420* 380* 
H662S4 2.8 6.4 27.1 630 530 530 480 
Q674S1 4.1 10.7 49.5 810 680* 680* 630* 
Q972L4 2.8 4.5 24.4 530 400 490 440 
H1371S4 1.9 3.3 13.0 480 420 420 390 
I 
H961L4 1.9 4.1 15.1 520 470 470 440 ...... 
-..J 
\0 
I 
WH641S4 1.9 5 . 9 20.5 600 510* 510* 470* 
WQ674L4 4 . 1 10.4 45.9 690 600 600 540 
(*) NOT CLEARLY DEFINED. 
-~ ~~': 
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TABLE 8.ll(a ) 
- SOLIDIFICATION CRACKING TESTS (SINGLE RUN) ON 
Q2N STEEL: RELATIONSHIP BETHEEN WELDIN G CONDITIONS c\.ND CRACKING TENDEKCY 
~ WfR6 LINDE 95 OERLIKON 53 SPECIMENS 
F~ CL- SCw CRACK L s -9-9 u .0~ ~ ..... 400 600 770 400 600 770 FREE FREE X ~o ,. 
-
o o o p 6·3 o 11 13 o ( +) 4 2 T T 
't. 
1 9·5 - 28 32 - - - o o 
T 
T 13 ·8 - - 51 
- - 35 o o 
o 6·3 o o o p o o o 6 3 T T T 
1 
2 9·5 - - - - - - - -
1 
T 13 ·8 T - - 54 - - 39 o o 
(f) CL-SC * 2 1 1 2 2 2 10 z 
UJ FR EE 
~ 
-
u CRACK UJ 2 o 1 2 o o 5 a.. 
FREE (f) 
l * l CL-SC : CENTRE LINE- SOLIOIFICATION CRACKING. 
(+)T: TRANSVERSE SOLIOIFICATION CRACKING (PRESENCE) 
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TABLE 9 .1l(b ) 
- SOLIDIFICATION CRACKING TESTS (SINGLE RUN) 
ON HYlOO STEEL : RELATIONSHI P BETWEEN WELDING CONDITIONS AND CRACKING 
TENDINCY . • 
~ WIR E LIN DE 95 OERL IKON 53 SPECIMENS 
F~ CL-SC~ CRACK L s .1?.1? u .0~ ~...., 400 600 770 400 600 770 FREE FREE X ~o ,. 
. 
o o o p 6·3 24 25 31 13 T(+) T 2 o 
' 1 9·5 - 50 59 - - - o o 
T 
T 13 ·8 - - 68 - - 68 o o 
o 6·3 o o o o o 5 o p T T 1 7 T T T 
1 
2 9 · 5 
- - - - - - -
-
1 
T 13 · 8 T - - 80 - - 51 o o 
(./) CL-SC • 
z F REE 1 1 o 1 2 2 7 UJ 
L 
-
u CRACK UJ 
n.. o o o o o o o 
(./) F REE 
l *l CL - SC: CENTRE LINE- SOLIDIFICATION CRACKING. 
(+)T: TRANSVERSE SOLIDIFICATION CRACK I NG (PRESENCE) 
:r:_. 
~ Ol!i ENGFNHA ~l./ 
PJIBLIQ~ECa 
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TABLE 8 .12 - SOLIDIFICATION CRACKING TESTS (SINGLE RUN): 
RELATtONSIIIP BETWEEN WELDING CONDITIONS , CUE.J.!ICAL COI.lPOSTION BALANCE 
AND SOLIDIFICATION CRACKING (SC) TENDENCY FOR HY100 AND Q2N STEELS. 
~ WIRE 
r~ U S;:,~~~~A; X ~o ?-
o 
p 6·3 
4 9·5 1 
T 
T 13 ·8 
o 6 ·3 p 
1 
2 9·5 
1 
T 13 ·8 T 
-
-
-
LINDE 95 OE RLI KON 53 
400 -600 770 400 60 0 770 
2.18 1. 82 1. 70 2.40 
2.62 2.38 2. 79 - - 2.57 
H>Q II>Q H>Q H=Q(*) 
-
-
-
-
-
2.42 2 . 21 
- 2.74 - - -
H>Q H>Q 
2.10 
- 3.05 - - -
H>Q 
2 . 28 1. 78 
- 2.66 - - 2.47 
H>Q H=Q(*) 
- - - - -
- - - - -
WELDING ON Q2N STEEL } EVALUATION OF WILKINSON COTTRELL 
WELDING ON HY100 STEEL } AND HUXLEY FORMULA 
SC TENDENCY IN HY100 STEEL WELDS (H) IS GREATER (>), 
EQUAL (=) , OR LESS ( < ) , TI!AN SC TENDENCY IN Q2N STEEL 
WELDS (Q). 
(* ) BOTH \ffiLDS SHOW TRANSVERSE SOLIDIFICATION CRACKING ONLY (NOT 
QUANTIFIABLE IN THIS WORK) . 
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TABLE 8 . lJ SOLIDIFieATION eRACKING TESTS (SINGLE RUN): 
RELATIONSHIP BET'.íEEN WELDING CONDITIONS, CARBON , SULPIIUR AND 
SOLIDIFieATION eRACKING (SC) TEN DENeY FOR HY100 AND Q2N STEELS. 
~ WIRE LINDE 95 OERLIKON 
E~ U S.o -9-9S' 400 -600 770 400 S's- -v,.. X o 
o 15/17 12/16 12/17 
p 6 ·3 4/4 5/4 3/6 -
H>Q H>Q H>Q 
16/- 15/17 
4 9 ·5 - 4/- 4/5 -1 H>Q H>Q 
T 14/19 
T 13 ·8 - - 3/4 -
H>Q 
o 
15/16 
6·3 - - 7/7 -p H>Q 
1 
2 9 ·5 
- - - -
1 
T 13 ·8 - - - -T 
.--+--- -- CARBON (x 10-2 ): Q2NjHY100 WELDS. 
----+---- SULPHUR (x 10- 3): Q2NjHY100 WE.LDS. 
600 
-
-
-
-
-
-
53 
770 
16/18 
10/8 
H=q(*) 
-
-
13/17 
7/8 
H=Q(* ) 
-
-
se TENDENCY IN HY100 STEEL WELDS (H) IS GREATER (> - ) , 
EQUAL (=), OR LESS ( < ) THAN se TENDENeY IN Q2N STEEL 
WELDS (Q) . 
(*) BOTH VIJ{:,DS SHOW TRANSVERSE SOLIDIFieATION e RACKING ONLY (NOT 
QUANTIFIABLE IN THIS WORK). 
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TABLE 8.14 - SOLIDIFICATION eRAeKING TESTS (SINGLE RUN): 
RELATIONSHIP BETWEEN Y/ELDING eONDITIONS , !Jn/Si RATIO , AHD SOLIDIFieATION 
CRAeKING (Se) TENDENCY FOR HY100 AND Q2N STEELS. 
~ WIRE 
r~ U S,o )j>)j>~ ~~ -t,. 
-x o 
o 
p 6 ·3 
4 
1 9 ·5 
T 
T 13 ·8 
o 6 · 3 p 
1 
2 9 · 5 
1 
T 13 ·8 T 
-
LIN DE 95 OERLIKON 
400 -600 770 400 
- 2.80 2 . 81 2 . 78 
2.45 2.47 2.37 -
H>Q . H>Q H>Q 
2.61 2.60 
- - 2.22 -
H>Q H>Q 
2.57 
- - 2.22 -
H>Q 
2 . 96 
- - 2.42 -
H>Q 
- - - -
- - - -
Mn/Si RATIO - WELDING ON Q2N STEEL 
1-:ín/Si RATIO - WELDING ON HY100 STEEL 
600 
-
-
-
-
-
-
53 
Se TENDENeY IN HY100 STEEL WELDS (H) IS 
GREATE R (>), EQUAL ( = ), OR LESS ( <) THAN Se 
TENDENCY IN Q2N STEEL WELDS (Q) 
770 
3.90 
3.5~*) 
H=Q 
-
-
4.05 
3.42 
H=Q ( * ) 
-
-
(*) BOTH WELDS SHOW TRANSVE RSE SOLIDIFICATION CRACKING ONLY (NOT 
QUANTIFIABLE IN THIS WORK). 
- 185 -
TABLE 8.15 - SOLIDIFICATION CRACKING TESTS (SINGLE RUN): 
RELATIONSHIP BETWEEN WELDING CONDITIONS, CARBON EQUIVALENT ( FOR 
Se - SEE TEXT), AND PHOSPHORUS CONTEHTS FOR Q2N AND HY100 STEELS . 
~ WIRE LINDE 95 OERLIKON 53 L~ u .S.o -9-9~ 400 600 770 400 600 770 ~~ ~,. X o 
o 28/29 25/28 25/30 28 /29 
p 6·3 11/13 10/11 9/12 - - 13/13 
H>Q H>Q H>Q H=Q(* ) 
•. 
4 30/- 29/30 
1 9·5 - 12/- 10/12 - - -H>Q H>Q 
T 28/32 
T 13 ·8 - - 9/11 - - -
H>Q 
o 28/29 26/29 6·3 - - 12/14 - - 10/14 p 
H>Q H=Q(*) 
1 
2 9·5 - - - - - -
1 
T 13 ·8 T - - - - - -
.__- +---- CA RBON EQUIVALENT (Se) x 10-2 : Q2N/HY100 WELDS . 
.__ -1--- -- PHOSPHORUS (Wt % x 10- 3) : Q2N /HY100 WELDS . 
.__ -I-- - - Se TENDENCY I N HY100 STEEL WELDS (H) IS GREATER 
( >), EQUAL (=) , OR LESS ( < ) THAN IN Q2N STEEL 
WELDS (Q). 
(*) TRANSVERSE eRACKING ONLY (NOT QUANTIFIABLE IN THIS WORK) . 
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TABLE 8 .16 - SOLIDIFICATION CRACKING TESTS (SINGLE RUN): 
RELATIONSHIP BET WEEN WELP t NG CONDITIO~~ , Mn5 /s RATIO, AND SOLIDIFICATI ON 
CRACKING ( SC) TENDENCY FOR HYlOO AND Q2N STEE LS. 
r;;_ WIRE 
E~ U SA~-9-9~..., X ~o ,.. 
o 
p 6 ·3 
4 
1 9·5 
T 
T 13 ·8 
o 
p 6·3 
1 
2 9·5 
1 
T 13 ·8 T 
-
-
-
L IN DE 95 OERLIKON 
400 600 770 400 600 
104 
87 
H>Q 
-
-
-
-
-
51 96 
77 30 
-
ll>Q H>Q 
87 72 
- 36 -
H>Q H>Q 
64 
- 39 
H>Q 
56 
- 34 -
H>Q 
- -
-
- - -
Mn 
5 
/S - WELDING ON Q2N STEEL. 
Mn5 /S - WELDING ON HYlOO S TEEL. 
-
-
-
-
-
SC TENDENCY I N HYlOO STEEL ViELOO (H) IS 
GREATER ( >), EQUAL ( = ) , OR LESS ( <' ) 
THAN I N Q2N STEEL WELDS ( Q) • 
( * ) TRANSVERSE CRACKI NG ON LY (NOT QUANTIFIABLE IN THI S WORK). 
t:.· 
5 3 
770 
29 I 
34 (*) l 
H=Q 
-
50 
46 (*) 
H=Q 
-
-
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( ... IG) ~ 
I ~ ® 22;>.))7.) 
~ ~ 
:: -r ~ 
~ ~ ~ ~ ~ ~ 
• 
Scale = 11t. 
Dimensions in mm. 
R.D. = Rolling Direction. 
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FIGURE 8. 1 SPECIMEN CONFIGURATION FOR 
WELD TESTS. SUBMERGED ARC 
.. 
- 188 -
' 
-,/ 
--... -- .--.... 
. -
-
_-..... __ _ 
FIG . 8 . 2 - Welding Setting Up for Standar.\ Submerged Are Welding and for 
Are Oscillation. 
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(I l 
( III) 
I 
I 
I 
81 
I 
I 
I 
I 
I 
AT = ABCDA = Total transver se weld bead area 
AD = ABFCDEA = Deposited filler metal area 
-ao 
I 
I 
X I I 
I 
I 
I 
i 
r 
10 
AP = AT-AD = AEDA + BCFB = Parent melted metal area 
T = Plate thickness 
II 
W = Weld bead width 
X = True weld bead height 
( I I) 
d 
(I V l 
+85 
I I I I 
I 1 I I 
I I I I 
L 1C 1P 1S1 
I I I I 
I I I I 
1 I I f 
o o 1 I 
5!'-~5 J 
25 20 
1 
30 
75 
h = Conventional weld bead height (also effective penetration) 
hc = Solidification cracking height in the transverse section. 
d = Average weld bead width (measured at X/2) 
III 
L = Weld bead length 
lc = Surface (visible) solidification cracking length 
r = Ripple l ag 
IV 
o 
I 
I 
X 
I 
IA 
I 
I 
I 
I 
Approximate locations from where the analysed sections in the present 
work were taken. 
FIGURE 8.3 BEAD GEOMETRY AREAS ANO OEFECTS 
GLOSSARY. 
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FIG . 8.5 - (h) Ibid . Plan Section . SASPA , x 50 
Flí. . 8.5 - (:1) S P.I11371l.l (l~ .R f'ltl/R, 1 .!) K.Tjr.1m) 
T rnn~v •! r llc Scc t1 on Showin~~ a C'cntrc-
J. in(.• sc. . S AS PA , x 100 
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(a) 
- -~ 
(b) 
FIG. 8.6(a,b) Two Typical Aspects of ( Dcndritic ) 
Solidification Cracking Surface ,SEM. · · 
XlK 
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FlGURE 8.7 - RELATIONSHIP AMONGST WELDING CONDITIONS, PERCENTAGE OF CENTRELINE 
SOLID IFICATION CRACKING IN SECTION < AVERAGE ), ANO PRESENCE OR ABSENCE OF 
TRANSVERSE CRACKING (co l d wire addition or ~ire osci l lat ion results not shown) 
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FIGURE 8.8 - Q 2 N WELDMENTS. 
LINDE 95 .WIRE ANO OP41TT FLUX. 
CURRENT > 
FIGURE a.g 
s p 
E 
E 
o 
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- HY 100 WELDMENTS. 
LINDE 95 WIRE ANO OP41TT FLUX. 
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(a). (b) 
(c) (d) 
Figur e 8 .10- Dendrites as seen in a Longitudinal Weld Bead Secti on . 
· (a) WC 641, (b) WC 662, (c) WC 674 , (d) WC 1371. 
SASPA X100 
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.. 
(a) 
OS= Zcos (90-Q(,) 
z 
/ 
( b) 
FIGURE 8 . 11RELATIONSHIP BETWEEN THE APPARENT ( Z) ANO 
ACTUAL (OS) OENOR ITE SIZE ANO I TS OEPENOENCE 
ON THE OENORITE GROWTH ANGLE (.L) 
(a.) SCHEMATIC OENORITE GROWTH OIRECTION ON A 
WELO TRANSVERSE SECTJON. 
(b.) GEOMETRICAL RELATIONSHIP BETWEEN Z ANO "OS" 
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FIGURE 8.13 - RELATIONSHIP BETWEEN WELD POOL REACTION TIME 
(APPROXIMATE-SEE TEXT) ANO FUSED SLA6 (0P11TT FLUX) 
~ 
~ 

tal 
til 
o 
o 
'tx! r; 
H .-· -~ b:: 'J · .? 
t"' 
H . 
c' 
... - --
ti: 
c 
:> " 
;-,. 
~; 
1-
~ 
X10_, 
1.0ar----------------------------------------===============================: 
.... 
~ .80 
:a 
'V 
I 
.... 
c 
w 
l-
u 
w 
n.. 
X 
w 
I 
c 
w 
U) ,_ 
..J 
< 
z 
< 
'V 
z 
8 
.60 
.10f-
~ . 20 
... 
CJ) 
* 
• 
• 
• • • 
• • 
• 
: 
• .0~~------------------~----------_.--------------~--------~--~--~__l 
L0610 
WELD B~D RlPPLE LAG/WELDlNG SPEED RATlO <S> 
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DISTANtE FROM ENERSY SOURtE <-> 
(G)- V•lding PGr~•l•rsl 1.S KJ/- 1 38 V 1 1BB A 1 6.3 ~· 
25r----------------------------------------------------7 
300 
a~~~~~~~~~~~~--~~~~~~~~~~~~~ 1 -2 -s -8 -s -1a -11 -12 -13 
DISTANtE FROM ENERSY SOURtE <u> X1B1 
" I 28 
v 
J: QW 
ff ~ 15 
w .... 
uw 
~ ~ 18 
tnffi 
... u 
c~ 5 
:a 
a~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 -1 -:~ -6 -8 -s -1a -11 -12 -13 
DISTANtE FROM ENER&Y SOURCE ( .. ) X181 
FIGURE 8.17- COMPUTED ISOTHERMIC PATTERN FOR 
DIFFERENT WELDING CONDITIONS <120 deg C PREHEAT) 
X-Ç· PLANE ANO Z=0 < HALF THICKNESS OF A 33mm 
PLATE ). 
THREE 
ON THE 
STEEL 
(a) SP.H641L4 (6.3. mm/s , 1 . 9 KJ/mm) . 
Stray Macrostructure . Some vertica11y 
growing dendrites around crack tip. 
(b) SP.IIfi74L4 (6.3 mm/s, 4 . 1 KJ/mm). 
Competitive columnar macrostructure. 
Weld c entre-line in zigzag. Some 
equiaxed dendrites just below crack 
tip. 
(c) SP.H1371L4 (13.8 mm/s, 1.9 KJ/mm) . 
Near centre-line macrostructures (holding 
much of the competitive columnar type) . 
Dendrites meet at weld centre in a better 
defi ned line than (b). 
FIG . 8,18 PriMary (solidification) Macrostructure at Weld Centre-Line Usin~ OP41TT Flux. SASPA , x 25 
:~, 
1'\) 
~ 
:~ 
(a) SP.Q641L4 
(6.3 mm/s, 1 . 9 KJ/mm) 
Vertically growing 
dendrites. 
CL 
(c) SP.Q1371L4 (13.8 mm/s, 1.8 KJ/mm) 
Well defined centre-line, just below 
centre-line se crack tip. 
FTG. 8.19 Primary macrostructure. Details from weld 
centre-line (Figs.8.18(a-c). SASPA, x 100. 
(b) SP . H674L4 
(6.3 mm/s, 4.1 KJ/mm) 
Zigzag centre-line. 
1\) 
o 
1..1\ 
I 
T 
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(a) SP . H641Ll (6 . 3 mm/s, 1 . 9 KJ/mm) . 
Stray. There are no vertically g rowing 
dendrites and no centre-line se. Transvcrse 
cra cking is visible . 
(b) SP . H674Ll (6.3 mm/s . 4.1 KJ/mm). 
Equiaxed dendrites just bemw small 
centre-line se crack tip. 
FIG . 8.20 Primary macrostructure at weld centre- line us in g 
OP121TT flux. SASPA , x 50 
' · 
~· 
- 207 -
F I G. 8.21- 5P . II662Ll ( 6 . 3 mm/s , 2 . 8 I<J/mm) . Transvcrsc Crack ing 
neing i\pparently i\ r rest e d at one We l d nand. 
r_. 
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(a) SP . H611L4 (6.3 mm/s 1 1.9 KJ/mm) (d) SP.Q641L1. (6 . 3 mrn/s 1 1.9 KJ/r.tm) 
FIG. 8. 22 - Segregation Lines in Welds on IIYlOQ (a-c) and Q2N (d-f) 
Dase Metal s 1 using LINnE 9 5 and OP41TT flux. Ammonium Pcrsulphate 1 
X 100 
I::· 
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,("t 
(b) SP.H674L4 (6.3 mm/s, 4.1 KJ/mm) (e) SP . Q674L4 (6.3 mm/s, 4 .1 KJ/mm) 
(c) SP.H1371L4 (13 . 8 mm/s, 1.9 KJ/1õUrt) (f) Q1371L4 (13.8 mm/s, 1.9 KJ/mm) 
FIG. 8 .2Z ,. (cont.) 
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FIG. 8 . JO(a)- Dendrite Growing Into Weld Metal from thc HAZ. 
Notice the Dependence on Dase Metal Grain Size. 
Specimen Q662L4 (2.8 KJ/mm). SASPA, xlOO. 
FIG.8.JO(b)- Martensitic Microstructure in the Ray Region. 
Specimen Q674Ll (4.1 KJ/mm) . Ammonium Persulphate + Nital, xlOO 
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FIG.8.JO(c)- Detail of Coarse HAZ for 4.1 KJ/mm. Specimen 
Q674Ll. Nital, x 500 
FIG. 8.JO(d)- Detail of Coarse HAZ for 4.1 KJ/rnm. 
H674Ll. Nital, x 500 
Specimen 
1:'.· 
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(a) Position Arrowed Corresponds to that in (b). X lK. 
(b) X 5K . 
FIG. 8.31 Delta Ferrite ( DF ) and Secondary 
Microatructure. SEM, Nital+SASPA. 
) 
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(a) SP.Q67481, 4;1 KJ/am (b) SP.Q641Sl, 1.9 KJ/ mm 
(c) SP.Q641Ll, 1.9 KJ/mm (d) SP.Q641L4, 1.9 KJ/mm 
PIG. 8.J2 Weld Metal Columnar Secondary Micrcatr ucture. Nital, x 200 
~· 
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(a) SP.Q641L4, Nita~x 500 (b) SP.H641Ll, Nital, x 500 
(c) SP.Q641Sl, Nital, x 5p0 (d) SP.H641L1, Nital, x 1000 
FIG. 8.)) Weld Metal Secondary Microstructure of 1. 9 KJ/mm Energy 
lnput Welds. 
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(a) SP.H641L4. SEM, x 2000 
(b) SP.H641L4. SEM , x 5000 
FIG. 8 . )4 - Weld lfetal Secondary Mi crostructure of 1.9 KJ/mm 
Energy Input We l ds . Nital. 
(c) SP . H641Ll . TEM , x 2000 
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(a) SP.Q674L4. Nital, x 500 
(c) SP.Q674Sl. Nital, x 500 
(b) SP.H674Ll. Nital, x 500 
I , 
(d) SP.H674L4. Nital + Sodium 
Risulfite, x 1000 
FIG .8.)5 - Weld Metal Secondary Microstructure o! 4.1 KJ/mm F.n.e rr,y 
Input Welds. 
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(a) SP .Q674L4. SEll\ x 2000 
(b) SP.Q674L4. SEM, x 5000 
FIG. 8.)6 - Weld Metal Secondary Microstructure of 4.1 KJ/mm Ene rgy 
Input Welds. Nital . 
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(a) SP.Q1371L4 (1.9 KJ/mm) x 200 (b) SP.H674L4 (4.1 KJ/mm) x 500 
(c) SP.H674L4 (4.1 KJ/mm), SEM, x 2000 
FIG. 8.40 - Weld Metal Solidification Cracking Path Related to 
Seconrlary Microstructure. Nital. 
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9. PROCEDURE TECHNIQUES TO REDUCE SOLIDIFICATION CRACKING TENDENCY 
9. 1 Introduction 
In the previous chapter a highly restrained weld test was used to 
investigate root run solidification cracking progressi~n and origins. 
Structures with a high degree of restraint are also found in welding 
practice. If solidification cracking i s a problem and base metal and 
consumables cann~t be changed, the first action is to change welding 
parameters , within the allowed limits . However, often such a change in 
welding parameters does not help and the problem persists. 
In Chapters 3 and 4 we reviewed techniques that can be used in this 
case . They either are complicated and expensive, or alter the weld 
metal chemical composition through alloying or deoxidation , such that 
the mechanical properties have to be reviewed. Therefore a completely 
different system for wire osc i lla tion was devised, and simple concepts 
were put in practice , like groove angle change and cold wire addition . 
We also tri~d to apply the idea given by BORLAND I 107 I, heating 
the weld pool tail as a measure to decr ease stress and thus cracking . 
For the submerged are process this system is difficult to use. Firstly, 
because if t he heating is through a flame , the gases blow off the flux 
and the pool is displaced to one side of the bead. Even with the use of 
a multi-nozzle torch the problem was not solved . Second, in a relatively 
large pool (and thick plate) the flame e nergy input must be sufficiently 
high to be e ffective . This increases the problem with the pool dislo-
cation and with the flux that is covering the not yet solidified part of 
the pool, leading to metallurgical reactions of the melted alloy without 
proper protection. Therefore , after i nitial trials we did not proceed 
with the mentioned idea I 107 I· 
Instead, we stuck to the three techniques previously referred to, 
which have been shown to be simple and inexpensive, and can be employed 
at any laboratory or production shop. 
The welding procedures here applied are equivalent to those of 
Chapter 8, as regards pl ate preheat, preparation , welding parameters, etc . 
The only difference is the technique added, which is explained in t he 
proper section. The welding condition •674 ' , (6.3 mmls ; 770 A; 4 . 1 KJimm ) 
was l argely employed, for in Chapter 8 it was used as ' standard ' for com-
parison among di fferent conditions. In all cases the LINDE 95 and OP41TT 
wirelflux combination was preferred, for t hey have been shown to induce 
more centreline solidification cracking than any other combination (see 
Chapter 8) . 
Thus , t he main objective was to prove the viability of the methods 
as regards thei r effectiveness to eliminate or reduce solidification 
cracking . 
Investigation on possible side effects, like changes in mechanical 
properties , was not considered at this s tage, but could be subject of 
future research. 
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9.2 Wire oscillation technique 
If an experienced welder knows that a centreline solidification 
cracking usually forms under a spevific welding condition (using MMA), 
he (she ) can manage to ' push back ' the electrode each time the weaving 
is done . Following very closely and carefully such operations , it is 
possible to see that the previous pool is complet ely deformed by the 
electrode tip. Furthermore , even the low temperature (probably ' mushy ' ) 
area of the pool is mechanically shaken. Depending on not yet determined 
conditions, this technique works very well and the weld bead is free of 
defects . 
This i dea was employed here using the same automatic submerged are 
equipment previously described (Chapters 6 and 8). 
Instead of oscillat ing all the welding head as it is usually done 
(Chapters 3 and 4), we preferred to use an equipment able to oscillate 
just the wire (electrode) . Such an oscillation has a number of advan-
t ages , among them simplicity of operation and low cost . 
.. 
In Figure 9. 1 can be seen the schematic oscillation system. Two 
main controls on it are the oscillation frequency and the actuating time 
(mark/space ratio) , which determine the generated square wave . The solid 
state relay switches on or off the actuating solenoid , depending on the 
chosen frequency and mark/space ratio . The solenoid then· oscillates the 
wire. 
A standard shoe at the welding head would not allow, of course , t he 
necessary wire movement . Therefore , a special shoe was designed and it 
can be seen in Figure 9. 2. There are some differences between it and 
the standard one: a hole made near the middle height (as indicated in 
the front view of Figure 9.2) to allow the solenoid actuation ; and the 
elliptical conduct for the wire, as seen in the section through the 
centre and top face , allowing its oscillation. 
The wire used was ~.O mm diameter. After some trials it was de-
t ermined that it could still maintain good electrical contact with the 
shoe if the larger diameter of the ell ipse was 6 . 0 mm , as indicated in 
Figure 9. 2 oscillation amplitude of the electrode tip was constant and 
1. 5 mm (exactly 1. 4 mm ) . 
Before the system actually works, however, there is a small but 
important detail to be expl ained. Obviously , the oscillation is done 
in one direction only. The solenoid actuates pushing the wire up to 
the maximum allowed amplitude and then retracts . At t his stage the 
wi re is left on its own , and only will retract if it acts like a spring. 
This can be obtained through a suitable positioning of the wire reel in 
relation to the wire feed system. 
This is one inconvenience of this set, and it was recognised right 
at the beginning. As we already managed to overcome the problem usi ng 
the spring effect of the wire , we did not try to improve it . However, 
it is sufficient to insert a pair of arms connected to the solenoid to 
bring back the wire when it retracts. Also it was noticed that a 
volt age variat i on of - 10% around the nominal value , was due to oscillation. 
1:':· 
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The wel di ng set- up for wire oscillation can be seen in Figure 8 . 2 . 
The white box with some control switches contains the electric circuitry. 
The actuating solenoid is attached to the welding head. 
Initial trials have shown that oscillation was only effective in 
the welding direction , and this explains why the welding head is in the 
position seen in Figure 8 . 2 . 
The range of available oscillation frequencies was O to-25Hz. 
The welding coding employed was similar to that in Chapter 8 . The 
difference is that two digits were added at the end: ' 0 ' standiog for 
' oscillation '; the second digit ( ' 1 ' or 12 ' ) standing for 10 or 7Hz 
(oscillation frequency), r espectively. 
9.3 Other techniques 
9. 3 . 1 Cold wire addition 
This technique is not new. Ro\oJever, i t is generally applied, as 
far as we know, with different objectives than to reduce solidification 
cracking tendency. 
The welding procedure was similar to that described in Chapter 8. 
A 1. 2 mm diameter wire electrically neutral (thus the name ' cold wire ' ) 
was additioned from a guide placed behind the welding head . 
This cold wire has a s imi lar chemical composition to the main wire. 
In fact, as Table 6. 2 shows (Chapter 6) , both wires have the same desig-
nation (LINDE 95) , and the digits ' A' or 'B' were added simply for our 
convenience . 
The general procedure was to inject the cold wire into the 1.>1eld 
pool just after the are had passed . As the wire ' s mass is small, it 
should melt , modifying the weld pool solidification and also causing 
some mechanical movement in the almost ' mushy' metal . These combined 
actions are thought to reduce solidification cracking tendency, because 
they shall provide nuclei which have a good change to survive , for there 
is a reduction in the pool temperature as \olell, enhancing the gro ... rth 
rate . Also , as the ' cold ' wire melts , it provides fresh metal to fill 
in any eventual forming crack. 
The \oleld coding follows that o f Chapter 8, adding two digi ts at the 
end of it . The first, a 'C ' stands for 1 cold wire addition ' ; the 
second can be a ' 3 ' , ' 5 ' or ' 7 ' , and indicates the rate of wi re injection 
viz : 0 . 34 , 0 . 50 , 0 . 73 g/s respectively. 
Groove angle change 
This is not properly a 1 technique 1 • Rather, the groove angle is 
a factor that should be decided at the \otelding design stage and not at 
the production shop , due to technical and economic reasons . For example , 
the groove angle change from 300 to 90° leads to en increase in deposited 
weld metal of- 3.7 times . 
However , supposing it is feasible, it can significantly reduce the 
solidification cracking tendency , as will be shown and explained below 
(Section 9.4 (i)~ . 
I::· 
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As the weld specimens used for solidification cracking tests 
(Chapter 8) had a 600 groove angle , we decided to test the same welding 
condition with 0° and 120o. The weld coding follows that of Chapter 8 , 
but two digits were added at its end. An 1A1 stands for ' groove angle 
change ' anda 10 1 or 1 1 1 for oo and 1200 respectively. 
9. 4 Results and discussion 
In Table 9.1 can be seen results for groove angle change, cold wire 
addition and wire oscillation. The following lines suggest explanations 
for them : 
(i) Groove angle change 
In Table 9. 1 the three first welds coded H 674 L4 AO, H 674 L4 A1 
and Q 674 L4 A1 have shown ' zero ' centreline solidification cracking . 
Comparing these welds with those equivalent (H or Q 674 L4) in T~ble 
8. 4 (a), it can be seen that H 674 L4 and Q 674 L4 have shown 31% and 
13% of centreline solidification cracking, respectively. 
These results show that groove angle change is very effective against 
the solidification cracking problem within the limits of the ~xperiments . 
As the welding condit i ons (except , of course , groove angle) were 
exactly the same as those used in Chapter 8 , the groove was the agent 
acting to change the welds susceptibility to solidification cracking. 
Two explanations for this behaviour were found . One is that these 
welds have a completely different stress field acting on them, and the 
other is the interrelationship of this factor with the different centre-
line structure noticed. This new stress field was either less intense 
or acting at different places than that of Chapter 8 for equivalent 
welding conditions. It can readily be seen that the H/W ratios in this 
case are nearly half of the tests shown in Table 8 . 4 (a) . 
We can elaborate still more this explanation. Let us suppose, in 
a recognisable simplistic view, that there are only two forces acting 
horizontally on the weld centreline. The action force ' F ' , orthogonal 
to the groove face, and the reaction 'R ' which tries to maintain the 
centreline integrity and is horizontal. Thus: 
R/F = cos (ANG/2) 
where 
' ANG ' is the groove angle 
For ' ANG ' in the range 30 to 120° , for example, the R/F ratio will 
stay between 0 . 96 and 0.5 respectively. This means thatthenecessary· 
reaction force ' R' to maintain the centreline integrity at ANG = 120° 
is half of the acting force ' F ' at Ang = 30° . The ANG = 0° case cannot , 
however, be directly compared to the other groove angles. This is because 
it leaves below the bead a much larger resistant section that opposes 
itself to the plate ' s bending . Therefore ' R' should be smaller than 
the expected . 
Now , lookingto Figures 9.3 (a,b) and comparing them with Figure 8. 18 
(b) and Figure 8. 19 (b) i t can be seen that both (OO and 120° groove 
angl e) centreline are different from those made at 60° groove angle. 
~· 
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Therefore, our theory is that with change in groove angle the weld 
heat flow was changed (Chapter 8) . As a consequence, both the thermal 
stress and the solidification macrostr~cture changed as well. For this 
particular welding condition the.changes increased the weld metal re-
sistance to solidification cracking. 
(ii) Cold wire addition 
The next block of welds in Table 9. 1 refers to those made using 
cold wire addition. Comparing with Table 8. 4 (a) it can be seen that 
there was an overall reduction in cracking tendency. However, no totally 
crack- free welds were obtained , with the transverse type persisting to 
exist . 
The cold wire feeding rates in Table 9. 1 are those which give the 
best results against solidification cracking tendency, within the limits 
of our experiments . It is clear that the wire addition rate is limited 
by the weld pool ability to melt it. For 13. 8 mm/s, 770 A, 1 . 9 KJ/mm 
or weld code H 1371 L4 C7 , this maximum (and in this case the most effect-
ive) rate was 0 . 73 g/s (43.8 g/min) and for this welding condition without 
cold wire additio~ (H 1371 L4 in Table 8 . 4 (a)) thereduction in centre-
line solidification cracking was not too encouraging (from 68% to ~fo) . 
Comparing welding conditions H 641 L4, H 674 L4 and Q 674 L4 with 
H 641 L4 C3, H 674 L4 C5 and Q 674 L4 C3 or Q 674 L4 C5, respectively, 
it can be seen that a good improvement was achieved, for the centreline 
cracking completely disappeared. Thus , it seems that cold wire addition 
is an effective way to eliminate centreline solidification cracking , but 
its action is almost nil against the transverse type . One possible 
interpretation to what is happening follows . 
It is known (Chapter 4) , that, among other factors , the greater the 
alloy solidification range the greater the danger to solidification 
cracking . The cold wire injection acts in two ways . First , as this 
wire needs neatto melt, it lowers the weld pool solidification time. 
Thus , there is less time to low melting point films to form at the centre-
line, being also disrupted ~he overa1l pattern in which impurities and 
alloying elements segregate. Second , at least in the weld centreline , 
the ' normal ' solidification mode is altered, as Figure 9. 4 shows. In 
this figure the (arrowed) weld centreline is not defined , and it can be 
seen dendrites crossing from one ' side' of the centre to the other. 
Thus it seems to be clear that those two factors alter the degree 
of constitutional supercooling (Chapter 3), through the temperature 
gradient and the equilibrium liquidus temperature distribution, which 
is a function of solidification rate . 
(iii) Wire oscillation 
The first trials using wire oscillation have shown that frequencies 
outside the range 7 to 10 Hz and/or oscillation transverse to the welding 
direction had no effect at all on solidification cracking tendency, 
within the limits of our experiments. Also a mark/space ratio of 1/7 
has shown to be the best, holding some kind of relationship with 
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the inherent inertia of thé system. Firstly , bead on plate (BOP) welds 
were made (including 5 Hz frequency) just to assess the oscillation 
frequency effect on weld bead dimensions, dilution and deposition rate . 
Table 9. 2 and the accompanying schematic figure of a BOP weld on 
a 33 mm thick base plate , shows the related dimensions as oscillation 
frequency changes . Four sections were cut from each weld bead, the 
dimensions 'ITere measured and the averages shown in this table . 
Comparing welds made with wire oscillation to that in which it did 
not oscillate (BOP 1), it is striking that : there is a reduction in 
dilution (D), bead height (X) and penetration (P): there is an increase 
in weld bead width (W): the over-filling (R) is not affected, while the 
overall deposition rate increased -100fo. 
The third block of welds in Table 9. 1 shO\otS the best reduction 
obtained in solidification cracking tendency when wire oscillation is 
applied. So, comparing this table with Table 8.4 (a) it can be seen 
that there is a clear tendency to crack free welds. Specimens H 641 
L4, H 674 L4 and Q 674 L4 can be compared with H 641 L4 01 , H 674 L4 01, 
and Q 674 L4 01, respectively. There is a good improvement, for welds 
which previously had shown centreline solidification cracking are now 
either crack free (H 641 L4 01, Q 674 L4 01) or have only transverse 
type cracking (H 674 L4 01). This result is important, for attention 
is drawn to the fact that welding condition H 641 L4 always had shown 
cracking , for all wire/flux combinations (see Tables 8.4 (a, b)) . 
For the worst welding condition in Chapter 8 (Q/H 1371 14) there is 
also a significant reduction in centreline cracking tendency (Q 1371 L4 02) . 
As could be seen, this technique seems to be very effective against 
centreline and transverse solidification cracking . It is quite right 
to believe that more effective results can be obtained after some ad-
justments (previously pointed out) in the system, and conditions (mark/ 
space ratio and frequency) optimisation. 
In the search for explanation(s) of the results , the first evidence 
to be noticed is the profound alteration in primary macrostructure 
caused by wire oscillation. Figures 9.5 (a- c) show the solidification 
macrostructure of weld Q 674 L4 01, which was taken as a general example . 
Comparing Figure 9.5 (a) with 8. 18 (b) it is readily seen that welds 
made with wire oscillation: have a much finer solidification macro-
structure ; the weld centreline is not defined (is not ' in line'), being 
rather equiaxed; there are no dendrites growing strai ght from the fusion 
zone to the weld centreline (in the paper place) as it happens in 
Figure 8. 18 (b). 
Figures 9.5 (b,c) illustrate another two aspects of the same weld, 
in transverse and longitudinal sections, respectively. The transverse 
section clearly shows the macrostructure formed at the centreline 
(arrowed) . In the longitudinal section (parallel to the welding dir-
ection) there is a sudden change in solidification macrostructure, for 
near the fusion zone (bottom of the figure) there is a cellular- dendritic 
growth and then it becomes completely disorientated. What we are seeing 
at the middle of this figure might be exactly the border between the 
r egion affected by the wire oscillation and that which grows under ' normal ' 
solidification process . 
~· 
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The theoretical explanation f or the weld solidification macro-
structure change is controversial and not completely understood , as we 
bave seen in Chapters 3 and 4. Hmiever , the wire oscillation technique 
seems to affect , at the same t i me , two of the main mechanisms thought 
to affect weld pool solidification mode . 
It altera the extent of constitutional supercooling (Chapter 3) of 
the solidifying weld metal , for its mechanical action causes stirring 
in the pool. This pool movement , much more intense than the electro-
magnetic Lorentz forces (Chapters 3 and 4) , reduces the thermal gr adient 
and detaches solid particles. In general , under ' normal ' solidification 
process these particles could not survive and growth, due to the very high 
temperatures found in the pool (Chapter 3) . As there is a fall in 
temperature due to the stirring , the particles act as muclei and increase 
the growth rate. 
In Chapter 3 we have seen that decreasing temperature gradient and 
increasing growth r ate tend to produce equiaxed dendrites (Figure 3.7) . 
Furthermore, higher growth rate means more dendrite boundaries f or the 
same volume of solid metal , or finer dendrite size . In fact , the previous 
rnicrophotographs .confirm this tendency (Figures 9.3 (a-c)) . 
Therefore , the effect of primary macrostructure change on solidifi-
cation cracki ng can be explai ned through the decreasing in dendrite s ize , 
the formation of equiaxed dendrite and the overall reduction in the 
thermal gradient . Also there is the mechanical wire action, which throws 
fresh liquid metal over regions of the pool in the ' mushy ' state. 
Thus , many mechanisms cooperate to reduce the weld sensitivity to 
solidification cracking. Finer dendrite size means less chance to 
large lov1 melting point films formation . Equiaxed dendrite is a solidi -
fication macrostructure much more resistant to cracking (Chapter 8) 
than, for example, centreline type . The decreasing in thermal gradient 
shorter the weld pool solidification range and , at the same time , gives 
the right environment to nuclei, which will survive and grow, increasi ng 
the growth rate . Finally , fresh liquid moved by the wire can fill up 
large centreline solidification cracking . 
9. 5 Summary 
In this chapter we have seen that simple and inexpensive techniques 
to r educe solidification cracking t endency can be successfully employed. 
Initial experimenta have shown that the flame heating of the weld 
pool tail is almost impracticable when submerged are process is used. 
Three other techniques were effectively employed, viz : cold \>Tire 
addit ion, groove angle change and wire oscillation. 
The groove angle change might reduce the solidification cracking 
tendency under certain welding conditions . The theory proposed to 
explain why it has beneficial action is based on the possibly different 
stress fields created by different gr oove angles , together with the 
modification in weld centreline macrostructure . This change in groove 
angle depends , however , on economics and technical considerations and 
cannot always be employed. 
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Shortening the alloy solidification range and disrupting the pattern 
in which impurities and alloys segregate can be an effective way of 
reducing solidification cracking. The injection of cold wire at the 
weld pool tail gives good results , for it causes alteration in the 
temperature gradient and fill up (when it melts) centreline type crack-
ing. For transverse type cracking , however, it did not show to be so 
effective. 
Complex but powerful mechanisms act cooperatively through the wire 
oscillation technique, which reduces centreline and transverse solidi-
fication cracking tendency. Theoretically , supercooling and nuclei 
growth seem to be the basic metallurgical agents. The process is 
conducted through reduction in dendrite size, equiaxed dendrite formation, 
and decreasing in the overall pool thermal gradient . Also, due to the 
stirring, fresh liquid fills centreline solidification cracking once it 
had formed . 
~· 
TABLE 9.1 - SOLIDIFICATION CRACKING TESTS (NON-STANDARD WELDINGS): WELDING CONDITIONS, WELD BEAD 
DIMENSIONS AND WELD DEFECTS 
Weld Code w H X d H/W CL-sc<*> Remarks 
(mm) (mm) (mm) (mm) (%) 
H674L4Aq> 22.0 15 . 3 18.1 12 . 6 0.7 o o Groove angle (GA) O 
H674L4Al 20.5 17.3 17.3 12 .6 0.8 o GA 120° 
Q674L4Al 19 . 3 19.0 18.8 12.8 1.0 o GA 120° 
H641L4C3 10.2 10.0 9,1 9.8 1.0 o (+) Cold \'/i re Addi tion (CWA) 'V O. 34g/s 
H674L4C5 13.9 19.9 19 . 4 12.6 1.4 OT CWA 'V 0.50g/s 
H1371L4C7 9.1 12.2 11.9 10.3 1.3 40 CWA 'V O. 73g/s 
Q674L4C3 14.5 20 . 0 17 . 4 12.1 1.4 OT CWA 'V 0 . 34g/s :~ Q674L4C5 14,4 20.6 19,4 12.6 1.4 OT CWA 'V 0.50g/s 
H641L401 11.8 10.1 7.2 9.0 0.9 o Oscillntion (OSC) 'V 10Hz 
H674L401 15 . 9 20.1 16.5 12.7 1.3 OT OSC 'V 10Hz 
20.8 16.7 12.0 1.3 OSC "' 10Hz 1\) Q674L401 15.5 o \...) 
Ql371L401 9.4 11.9 10 . 2 10.0 1,3 36 OSC 'V 10Hz \() 
Ql371L402 9.9 13 . 3 11.0 10 . 1 1.3 28 OSC 'V 7.1Hz I 
(*) Centre-Line Solidification Cracking ( % i n section) 
( +) Transverse SC (presence) 
TABLE 9. 2 
Weld w 
Co de ( 
BOP1 20 
BOP2 23.9 
BOP3 26.2 
BOP4 24 . 3 
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- OSCILLATION TESTS: WELD DIMENSIONS OF BEAD 
ON PLATE (BOP) WELDINGS 
X R p D Oscillation Frequency 
mm ) (%) (Hz) 
19.1 4.7 14.5 71 No* 
14.2 4.7 9.5 59 5.0 
14.2 4.2 10.0 61 7.1 
16 . 0 5.0 11.0 59 10.0 
* No: No Oscillation 
Note: Welding conditions were 34V, 770A, 6.3mm/s. (4.1kJ/mm) 
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FIG. 9.5(b) Transversa Section. X 50 . 
FIG. 9.5(c) Longitudinal Section, X 50 . 
T-Tor. B-Bottom. 
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10. CONCLUSIONS 
10. 1 Solidification cracking 
It was one of the main concerns of this work to point out the 
complexity · involved in the weld metal solidification cracking phenomenon, 
for most of the previous studies have neglected the existing interactions 
among the welding conditions . As we have seen, in general, there is 
neither only one explanation for each fact, nor only one result being 
unequivocally related to a cause . 
Thus, the following general conclusions are derived considering 
the base metal specimen test, welding parameters , fluxes and wires 
batches used , l evel and acuity of analysis employed and developed 
throughout this research program. 
10. 1. 1 Compositional factors 
Chemical composition showed up as one of the most important 
factors deciding solidification cracking tendency . Two main origins 
for the welds different chemical analyses were found to be the base 
steels and the wires . 
The influence of steel type on the weld chemical composition is 
not obvious, and i t is only understood when the ··inheri ted balance be-
hleen carbide-to-ferri te elements forming ratio is analysed . As we 
have seen, all the empirical formulae, which basically used this ratio 
predicted the HY100 as the most susceptible steel to solidification 
cracking, because it always showed the lowest ratio . Furthermore, 
the metallurgical investigation carried out on both steels suggested 
that their production follows different steelmaking practice, with the 
Q2N shmofing to be a cleaner steel than the HY100 . 
Therefore , the welds made on each steel approximately held the 
same carbide- to- ferrite elements forming ratio, and those on Q2N also 
showed five times more vanadium than those on the HY100 steel . 
The wire chemical analyses show a much clearer difference , which 
was naturally reflected in the welds made with each one of them. The 
OERLIKON S3 wire has significantly more carbon and molybdenum content 
than the LINDE 95, whilst the l atter has more silicon, chromi um and 
nickel than the former. The most striking difference, however , is 
that the Mn/Si ratio in the OERLIKON S3 is approximately three times 
greater than in theLINDE 95. 
Thus, the base metal and wire chemical composition combined and 
those welds with the following characteristics were the most crack 
susceptible : the lowest carbide- to- ferrite elements forming ratio ; the 
highest carbon plus nickel contents together with the highest phosphorus 
and sulphur contents; the lowest Mn/Si rati o . 
Having the best characteristics, the welds using Q2N base steel 
and OERLIKON S3 wire showed up a s the most resistant to solidification 
cracking. 
1:':· 
10. 1.2 
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Solidification macrostructure and microsegregation 
factors 
The solidification macrostructure shows up through its size, 
type and growth direction. The weld metal dendrite size was found 
to be primarily dependent on welding parameters and weld ·bead geometry , 
principally the external area-to-perimeter ratio . However, when it 
is measured on the weld bead longitudinal section , the measured value 
must be corrected by the angle between the dendrite growth direction 
and the weld symmetry line , measured on the transverse section. So, 
the actual rate of change in dendrite size with welding pa.rameters is 
not that observed through metallographic analysis. As it was seen , 
the increase in welding current at a constant speed has much more 
effect on the actual dendrite size than the increase of the latter 
welding parameter at a constant current. 
The dendrite s i ze relevance to solidification cracking is under-
stood through its reduction of large microsegati on planes , and thus 
higher resistance to stress in the solidifying stage . The 1. 9 KJ/mm 
(6 .3 mm/s; 400 A) ~elding condition showed up as the most resistant 
to this defect in both steels, and also as having the smallest dendrite 
size . 
Four types of centreline solidification macrostructure were 
identified, viz : stray , competitive columnar , centreline and equiaxed. 
The former three macrostructures have a strong relationship with changes 
in welding parameters . The stray structure is associated v!Í th the 
lowest energy input and welding speed. Increasing current and keeping 
constant other parameters induced a transition to competitive columnar 
structure . At the highest energy input and current, an increase in 
speed led to a transition to centreline type . 
Some equiaxed structures formed only at the highest energy input 
and lowest speed using the OP121TT flux. This flux has been shown to 
release twice as much gas(es) than the OP41TT, and this might be one 
of the reasons of this behaviour. 
Thus , when analysed on their own , the solidification macro-
structures which showed the least tendency to solidification cracking 
were the stray and the equiaxed types. Therefore , welds made either 
at 1.9 KJ/mm (6 .3 mm/s welding speed) or at 4 . 1 KJ/mm (6 .3 mm/s) and 
using the OP121TT flux have shovm greater resistance to this defect • 
Col d wire addition reduced centreline solidification cracking , 
but had no effect on the transverse type . Thus , it has a short range 
effect, filling the central cracking as it melts and also shortening 
the weld pool solidification time . This latter factor induces the 
formation of smaller dendrite size. 
The speci ally designed wire oscillation device was extremely 
useful in reducing solidification cracking tendency both , centreline 
and transverse . The low osci llation frequencies (below 10 Hz) in 
the welding direction promoted the formation of a non- oriented 
structure from the middle weld bead upwards, enhancing the weld re-
sistance to this defect . 
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The microsegregation was found to be closely related to chemical 
composition and solidification macrostructure type . The use of Q2N 
base steel and OERLIKON S3 wire induced less centreline microsegregation , 
probably due to the differences in chemical composition pointed out in 
the previous section. The solidification macrostructure effect on 
centreline microsegregation was clearly demonstrat ed, with stray and 
equiaxed macrostructure showing less segregation. 
Thus , stray or equiaxed solidification macrostructures are the 
most resistant to this defect . These structures together with less 
microsegregation were obtained through the use of the follov1ing 
elements: Q2N base steel ; OERLI KON S3 wire; OP121TT flux and 4.1 KJ/mm 
(at 6 . 3 mm/s) ; 1.9 KJ/mm (at 6 . 3 mm/s) ; cold wire addit ion ; wire 
oscillation. 
10. 1.3 Stress field factor 
Stress relieving both base steels before welding has shown a 
reduction in the weld solidification cracking tendency. This illus-
trates the evidence brought up in the literature review on the im~ort­
ance of base metal strength and high temperature properties on this 
defect , albeit not quantified for both steels . 
Factors such as the v1eld bead height- to-width ratio, weld bead 
size etc ., have shown not to be, in this work, a sure guide to predict 
the weld solidifica tion cracking susceptibi l i ty. Ho\vever , \·I e cannot 
exclude the possibility of some kind of overlapping effect due to 
chemical composition, solidification macrostructure or microsegregati on. 
On the other hand , change in the specimen groove angle to 0° or 
120° reduced the defect tendency, and this may be attributed to the 
change in the stress fields . Also , cold wire addition and wire 
oscillation might affect the stress fields , at least within the weld 
pool , through their effects on the welding heat flow. 
It was shown that the greater the weld ripple lag-to- welding speed 
ratio, the greater the amount of fused slag. As this influences the 
interfacial tensions equilibrium along the weld pool, the stress fields 
within the weld pool might also be affected. 
10. 1. 4 Concluding remarks 
From the previous sections it can be concluded, therefore , that 
the most resistant welds to solidification cracking are those having : 
(a) the highest carbide- to- ferrite elements forming ratio ; (b) the 
highest Mn/Si ratio ; (c) the lo\o1est carbon plus nickel contents together 
with the lowest phosphorus and sulphur contents; (d) stray or equiaxed 
solidification macrostr~ctures type ; (e) small or nil centreline micro-
segregation; (f) base metals with the lowest possible residual stress ; 
(g) the smallest actual dendrit e size ; (h) minimum stress fields with-
in or around the weld pool. 
The above conditions may be fulfilled through the rat ional use 
of the following measures , at least : ( a ) appropriated selection of 
base metal and consumables chemical composition, attempting not only 
to the individual element contents but, principally (in the wel ding 
of these steels), to thei r resultant combined action ; (b) sttess 1:':· 
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relieved base metal ; ( c ) correct welding parameters choice, e.g. those 
inducing the formation of stray macrostructure and the smallest dendrite 
size; (d) fluxes wi th relatively high amount of gas release, for this 
induces equiaxed dendrite formation at high current and, consequently, 
less microsegregation at the weld centreline ; (e) if the problem is 
centreline cracking only , the addition of cold wire might.be very effect -
ive to r educe it; (f) for centreline and transverse cracking , the wire 
oscillation technique is a powerful way to reduce or eliminate it ; 
(g) the largest possible groove angle . 
Thus , the root run welds made in t his study have shown that, as 
regards solidification cracking tendency, the best results are obtained 
with Q2N base steel , OERLIKON S3 NiMo 1 wire and OP121 TT flux , inde-
pendently of welding parameters . 
10.2 Secondary microstructure 
Both base steels were found to be equally sensitive to thermal 
cycles in ter ms of HAZ width and microstructure, which consists essen-
tially of martensite . The HY100 sho\>red some i nclusi on colonies wi thin 
the HAZ and to be ~bout 30 HV5 harder than the Q2N steel in the coarse 
region . 
As regards ~reld metal microstructure , no major disti nction brough t 
by wire/flux could be assessed. Again , the most influential factor 
seems to have been the energy input , through the change in microstructure 
size . For all weld metals the i ncrease in cooling r ate wa s followed 
by increase in hardness . 
The complete microstructure characterisation coul d be made using 
the TEM only , for a 1lath 1 microconstituent did not resolve under the 
light microscope or SEM. Thus, the welds under study are composed 
mainly of ferrite with aligned M- A-C, acicular ferrite and autotempered 
martensite . I t was also detected an unidentified "Yrhite material , 
distri buted in ' islands ' surrounded by the matrix, perhaps contributing 
to the weld metal embrittlement . 
From the obtained weld metal thermal cycles, the ferr ite with 
aligned M- A-C should have formed about 490°C for the 1. 9 KJ/mm welds, 
and about 81ooc for the 4 .1 KJ/mm energy input welds. The acicul ar 
ferrite shoul d have formed about 420°C for the 1.9 KJ/mm welds and 
about 680°C for the 4. 1 KJ/mm welds. 
A good agreement has been found betvreen fir st and s ecoild trans-
formation temperatures with cooling time. 
Evidence "VIas shown relating the solidification cracking with 
' cold ' or high temperature (not solidification) cracking , and this is 
a matter that can rouse some concern . The mechanism thought to ex-
plain this fact i s the solidification cracking tip acting as a s tress 
concentration factor . Thus, the crack propagation as the stress in-
creases with the decrease in temperature . 
It also was pointed out a possible association between carbon-
itrides segregation and solidi ficat ion cracking path • 
. ;":'_. 
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10. 3 All- weld metal mechanical properties 
The submerged are all- weld metal tests have shown that the major 
microstructural difference is brought up by the increase in size of the 
microconstituents when the energy input is raised from 1 . 9 KJ/mm to 
4. 1 KJ/mm. 
The highest yield strength, tensile strength and hardness values 
were obtained at 4. 1 KJ/mm energy input welds . The 1. 9 KJ/mm vtelds 
have shown the best values for elongation , r eduction in area and Charpy 
V- notch energy absorbed in all test temperatures. 
Comparison between the use of different fluxes or wires could be 
made a t 4 .1 KJ/mm energy input welds only. They have shown relatively 
little practical difference i n the resulting properties, and it is 
possible that the energy input effect ha.s been overlapping the effec ts 
brought about by the change in the consumables . 
In any case the properties were considered very good when analysed 
together, relat i vely surprisingly being the obtaining of weld metals 
with yield strength over 600 N/mm2 , more than 68% reduction in area, 
more than 300~ elongat i on and impact resistance over 200 J at roam temp-
erature or an average of 80 J at -40°C, and transition to quasicleavage 
fracture mode between - Ltooc and - 80°C . 
10. 4 Suggestions for future research 
(1) Study on high (transi ent) temperature mechanical proper-
ties of High Yield Strength Q & T steels. Do the Q2N 
and HY100 actually have such different properties? 
(2) Detailed study of base ma terials residual stress and/or 
heat treatment effects on soli dification cracking . 
(3) Careful monitoring of the carbide and ferrite element 
forming effect s on weld met al solidification cracking. 
Also , study of the effects of residual on t he phenomenon. 
(4) Improvement of the wire oscillati on system devised in this 
work and optimisation of its operational r ange in terms, 
principally , of oscillation frequency and amplitude . 
(5) Comparison between submerged are and other processes, on 
the basis of weld final mechanical proper t ies, susceptibility 
to solidification cracking and total costs , when vtelding 
the cl ass of steels subject of this work. 
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APPENDIX A 
DILUTION AND EXPECTED CONTENT 
The weld bead dilution (D) can be calculated through the nickel 
(or copper) content , which recovery is taken as 1000~. Thus , from 
HOULDCROFT I 267 I : 
D 100 
(Niw - Nif) 
= (Nip - Nif) 
where Ni 
w = 
actual % of Ni in the weld metal . 
Nif = actual % of Ni in the filler . 
Ni = actual% of p Ni in the parent metal . 
Considering the ' standard deviations ' given for the nickel 
analysis, the error for the dilution is : 
Then, the expected (EXP) content for any element is: 
D (A - Af) 
A f EXP E + = 100 
where A p = actual % of element A in the parent metal 
A f = actual % of element A in the filler 
The error for EX.P is : 
where 
~p = 
EA - A 
p f 
D (A - Ar)J(:o) 2 CA -Afr p + p 
+ EA A A f p p 
100 
= error for the difference between the % of element 
A in the parent metal and filler , respectively. 
= error for the % of element A in the filler 
The different (DIF) is between the actual analysed (ANA) content for 
the element A in the weldmet~, less its expected (EXP) content: 
Thus : 
DIF = ANA - EXP 
EDIF = EANA + ~ 
In these derivations it was assumed that the maximum error for 
the sum or difference is the sum of the errors of each quantity . See , 
for example, BARRY I 268 1. f:· 
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APPENDIX B 
ISai'HERMIC PATI'ERN 
This model of weld heat flow was based on the approaeh given by 
MYERS et al / 251 /. 
The basie equation that gives the material temperature at any 
time or position arourld the weld pool is : 
where 
T 
o 
Q 
K 
R 
w 
Y,Z 
v 
a 
L 
Note : 
T = T 
o + Q 4ff KR 
EXP ( -LV(R ·+ vi)) 
= 
= 
= 
= 
= 
= 
= 
::: 
= 
o preheat temperature ( C) 
power input (U x I = watts) 
thermal eonduetivity (0. 05 J/mm. s . °C for steels) 
(\o/2 + y2 + Z2) 1/2 
moving eoordinate ( wi th the are) in the \-Jelding direetion 
(mm) 
distanee measured at r ight angles to the axis of the 
are (mm) 
weldir.g speed (mm/s) 
thermal diffusivity (7. 5 mm2/s for steels) 
1 = 0 . 0667 ( s/mm 2) 
2a 
The Y and vl axes are in a plane parallel to the plate surfaee. 
The axis Z extends into the plate. 
As it is wellknown, the only way to get the isothermie pattern 
in a plane parallel to the plate surfaee is through interaetive 
methods . In this work the eoordinate Z was ehosen to be O at the mid 
plate thiekness and the preheat (T ) eonstant and equal to 120°C , 
leaving, therefore, only the W and0 Y eoordinates to be ealeulated , 
depending on the welding parameters . 
First of all, we deeided that the isotherms of 1400, 1200 , 900, 
700, 500 and 300oc would illustrate the model . After this, a time 
interval of 0 . 5 s between the events was found to be eonvenient. 
Then, the W values were ealeulated at eaeh interval ( it ~s the produet 
of speed and time elapsed, and has a negative signal), until the only 
existing isotherm \·las the 300°C. From its values, and the Y values 
ealeulated at eaeh 0 . 001 mm interval , the isotherms were plotted using 
the program enelosed (Program Isothermie - DISOT) . 
~':'. · 
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C**** PROGRAM ISOTHERMIC COISOT) 
c 
C**'** 
c 
c 
c 
A PROGRAM TO PLOT ON THE SAME SHEET DF PAPER THREE 
DIFFERENT ISOTHERMIC PATTERN FOR THE CONDITIONS 641, 
674 ANO 1371 C Z=0, PH=120C) 
DIMENSION AX1C8> . BY1(8),AX2C8),8Y2C8) , AX3C10),BY3C10 
1),AX4C13),8Y4C13),AX5C16),BY5C16),AX6C20),8Y6(20), 
1CX1C13) , 0Y1C13),CX2C14),0Y2(14),CX3C15),DY3C15) , CX4 
1C16),DY4C16>,CX5C19),DY5C19) , CX6C19),DY6C19),EX1C7), 
1FY1C7),EX2C8> , FY2C8) , EX3C10) , FY3C10),EX4C12) , FY4C12) 
1.EX5C14l,FY5C14),EX6C14),FY6C14) 
DATA AX1 ,BY1/ 2 . 251 , 0 . • -3. 15. -5 . • -6.3.-9.45,-12. 6, 
1-14. 921.0 •• 3 . 471.4 . 53.4. 685.4 . 655.4. 161.2. 941.0./ 
DATA AX2, BY2/2. 384,0. ,-3. 15, -6. 3 . -9 . 45,-12 . 6,-15. 75, 
1-17. 684.0 .• 3. 714,4 . 872,5 . 162,4. 923,4. 198. 2 . 755 .0. I 
DATA AX3,BY312. 647,0 . • -3. 15.-6. 3.-9. 45,-12. 6.-15. 75 
1.-18.9.-22. 05.-24.485.0 .• 4 . 197.5. 523.6 . 07.6. 18. 
15. 963.5. 446.4. 582.3. 154.0. 1 
DATA AX4.BY4/2. 894,0 . ,-3.15, -5 . 3.-9.45 , -12 . 6,-15~75 
1.-18. 9 . -22 . 05.-25.2.-28. 35. -31 . 5.-32. 929.0 . • 4 . 556. 
15. 112.6. 85.7. 193. 7 . 254.7. 116.6.772.6. 225 . 5 . 443. 
14.323,2. 475,0./ 
DATA AX5.BY5/3. 256,0 . • -3. 15.-6.3.-9 .45,-12. 5 .-15.75 
1.-18.9. -22 . 05.-25. 2.-28. 35.-31.5. -34 . 65.-37. 8, 
1-47. 25.-50. 259.0 . • 5 . 337.6. 953 . 7.912,8. 512.8. 874, 
19. 06.9. 102,9. 023,8.833.8. 54 . 8 . 14.7. 515,5. 956.3. 516. 
10. / 
DATA AX6.BY5/3. 924,0 . • -3. 15.-6. 3 , -9.45,-12 . 5.-15. 75 
1.-18. 9.-22. 05.-25 . 2.-28. 35.-31 . 5.-34. 55. - 37. 8. 
1-47. 25.-56.7. -75. 5 .-94. 5,-103. 95.-106. 103.0 . • 5 . 507. 
18.449.9.704. 10. 535. 11 . 352. 11 . 912. 12. 353.12. 7. 12. 962 
1 .13.1 58 , 13. 3 . 13. 381 . 13.419.13. 28. 12. 815.10. 9.7. 082. 
13. 14, 0 . I 
DATA CX1,DY1/2.884,0 . • -3. 15.-6. 3 . -9 . 45,-12. 6.-15. 75, 
1-18. 9.-22.05. -25. 2.-28. 35.-31 . 5 . -32. 55,0 . • 4 .637, 
16. 09, 6 . 821.7. 156,7. 218,7. 059.5.7. 6 . 136.5. 326,4. 157, 
12. 134, 0 . I 
DATA CX2,DY2/3. 028,0 .• -3. 15.-6. 3 , -9.45,-12. 6 , -15. 75, 
1-18 . 9 , -22 . 05,-25 . 2,-28 . 35,-31 . 5,-37 . 8,-38 . 58,0., 
14. 907.6.428 . 7 . 254.7. 702.7. 894 . 7 . 889.7. 716.7. 386, 
16. 898.6 . 231 . 5 . 333.1 . 848.0 . 1 
DATA CX3,DY3/3.309,0. ,-3. 15, -6.3, -9.45,-12. 6 , -15.75 
1.-18. 9,-22.05.-25. 2.-28.35, - 31 . 5.-37. 8,-50. 4. 
1-53. 413.0 . • 5 . 437.7. 076,8. 063. 8.695.9. 092. 9 . 316, 
19. 401.9.368.9 . 231.8 . 995 . 8.653.7. 689.3 . 65.0. 1 
DATA CX4,DY413. 571,0. ,-3. 15,-6. 3,-9.45,-12. 5,-15. 75 
1.-18.9.-22. 05.-25.2.-28. 35.-31 . 5.-37 . 8,-50. 4.-63 .• 
1-71 . 835.0 . • 5 . 934.7.557,8. 781,9.555, 10. 106, 10. 49. 
110. 75. 10. 905. 10. 973. 10. 953. 10. 882. 10. 525. 9 . 042, 
16. 155. 0 . / 
DATA CX5,DY5/3.953,0. ,-3. 15,-6. 3 , -9. 45,-12. 5 , -15. 75 
1 • . , 5. 664, 8. 514. 9 . 784, 
:,::. 
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110. 728,11 . 457. 12. 031 . 12.485.12.844.13. 123.13. 335, 
113. 488, 13. 644, 13. 459, 12. 711, 11. 411, 8 . 063, 3 . 368, fll . I 
DATA CX6,DY6/4. 65,0 . • -3.15, -6. 3 , -9. 45,-12 . 6,-15. 75 
1,-18. 9,-22. 05. - 25. 2.-28. 35.-31 . 5.-37. 8.-50. 4.-63 . • 
1-75. 6.-94.5,-107. 1.-130 .• 0 .• 8 . 004.10.023,11 . 516, 
112. 7.13 . 678, 14. 505. 15. 216. 15. 835. 16. 378.16. 857, 
117. 283 . 18. , 19. 01 , 19. 615. 19. 916. 19. 91 9. 1 9 . 66 7. 
118. 772/ 
DATA EX1 ,FY1 /1 . 627,0 . • -6.9,-13. 8,-20. 7,-27. 6,-32. 552 
1.0 .• 2 . 703.4.747.4. 955 , 4 . 424.3. 089.0. / 
DATA EX2, FY2/1 . 697,0 . • -6. 9 , -13. 8,-20. 7,-27. 6,-34. 5, 
1-38. 58.0 .• 2.836.5 . 03.5. 452.5. 2.4~ 409.2. 852.0. / 
DATA EX3,FY3/1 . 832.0 . • -5. 9,-13. 8,-20. 7,-27. 6.-34. 5, 
1-41 . 4.-48 . 3.-53. 399.0 . • 3 . 095,5. 546,6. 294,6.443, 
16. 211.5. 656,4. 732, 3 . 216.0. / 
DATA EX4,FY4/1 . 957,0. ,-6. 9.-13. 8,-20.7,-27. 6,-34 . 5, 
1-41 . 4,-48.3,-55. 2.-69 . • -71. 839,0 .• 3 . 335.5.994, 
16. 987,7 . 409.7.497.7.341 . 6.973 .6.395.5. 574.2. 44.0. / 
DATA EX5,FY5/2. 139,0 .• -6. 9,-13.8,-20. 7,-27. 6,-34. 5, 
1-41 . 4,-48.3 , -55. 2. -69 . • -82 . 8.-103. 5 . -109. 548,0 . • 
13. 586.6.509,7. 892,8.622,9. 04.9. 25,9. 295,9. 215.9.015, 
18.283,7. 058.3. 55,0. / 
DATA EX6. FY6/2.467,0. , -6. 9,-13. 8,-20. 7,-27. 6,-34. 5 , 
1-41.4, -48 . 3,-55. 2.-59 . • -82 . 8.-103. 5,-130 • • 0 •• 4.323, 
17. 623.9.329, 10. 471 . 11. 303. 11.932,12. 415,12. 787, 
113. 075. 13.428.13.547, 13. 412,12.728/ 
WRITEC2,*>'PENS : BLACKC0. 50)=1 , BLACKC0. 35)=2' 
WRITEC2,*)'NO. OF PLOTS REQUIRED ? • 
READ (1, *) NPLOT 
CALL TERM 
DO 10 KPLOT=1 , NPLOT 
CALL DEVHEAC1) 
CALL WINDOW(2) 
C**** TO LABEL AXIS 
CALL CHASIZ<2 . • 2 . ) 
CALL PENSELC1.0. 0,0) 
CALL MOVT02(49 . , 208 . ) 
CALL CHAHOLC'*L(A)- *UW*LELDING *UP*LARAMETERS : *U1 .9 
1 KJ/*LMM, *U30 V, 400 A, 6 . 3 *LMM/S* . ') 
CALL MOVT02(49. ,134. ) 
CALL CHAHOL( ' *L(B)- *UW*LELDING *UP*LARAMETERS : *U4. 1 
1 KJ/*LMM, *U34 V, 770 A, 5 . 3 *LMM/S*. ') 
CALL MOVT02(49. ,50. ) 
CALL CHAHOLC'*L(C)- *UW*LELDING *UP*LARAMETERS : *U1 . 9 
1 KJ/*LMM, *U30 V, 770 A, 13. 8 *LMM/S*.') 
CALL MOVT02(30. ,42. ) 
CALL CHASIZ<3. , 3 . ) 
CALL CHAHOLC'FIGURE COMPUTED ISOTHERMI C PA 
1TTERN FOR THREE* . ') 
CALL MOVT02C30 . , 36 . ) 
CALL CHAHOLC'DIFFERENT WELDING CONDITIONS (120 *LDEG 
1 *UC PREHEAT) ON THE*. ') 
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CALL MOVT02(30.,30. ) 
CALL CHAHOLC ' X-Y PLANE ANO Z=~ ( HALF THICKNESS 
1(2') 
c 
1 DF A 33*LMM*U STEEL*.') 
CALL MOVT02C3~ . ,24 . ) 
CALL CHAHOLC'PLATE ) . PLEASE, SEE FIGURE*. ') 
TO PLOT THE CURVES AND DRAW THE AXIS 
CALL CHASIZC2. ,2.) 
CALL EIXSC222.,214 . ) 
CALL PENSEL(2,0. ~,0) 
CALL GRACUR<AX1,BY1,8) 
CALL GRACURCAX2,BY2,8) 
CALL GRACURCAX3,BY3, 10) 
CALL GRACURCAX4, BY4,13) 
CALL GRACURCAX5, BY5, 15) 
CALL GRACURCAX5,8Y5,20) 
CALL PENSELC1,0.~,0) 
CALL EIXSC148. ,140. ) 
CALL PENSELC2,0. ~ , 0 ) 
CALL GRACURCCX1,DY1, 13) 
CALL GRACUR<CX2,DY2, 14) 
CALL GRACURCCX3,DY3, 15) 
CALL GRACURCCX4,DY4, 15) 
CALL GRACURCCX5,DY5, 19) 
CALL GRACURCCX5,DY5, 19) 
CALL PENSELC1,0. ~,0) 
CALL EIXSC74. ,66.) 
CALL PENSELC2,~. ~,0) 
CALL GRACUR<EX1,FY1,7) 
CALL GRACURCEX2, FY2,8) 
CALL GRACUR<EX3,FY3, 10) 
CALL GRACURCEX4, FY4,12) 
CALL GRACURCEX5, FY5, 14) 
CALL GRACURCEX5,FY5, 14) 
CALL PENSEL(1,0 . ~,0) 
CALL RISKC222. ) 
CALL RIS~< <148. ) 
CALL RISKC74. ) 
CONTINUE 
CALL DEVEND 
STOP 
END 
C*** * SUBROUTINES 
c 
SUBROUT I NE TERM 
1~0 WRITE(2,*)'TERMINAL: l =T4~14 , 2=CALCOMP' 
READ Cl,*)BCALL 
GOTOC1 10, 120),BCALL 
GOTO 100 
110 CALL T4~14 
CALL DEVSPEC4800) 
CALL WINDOW (2 ) 
.. 
~· 
CALL DEVPAP(215.,300. ,0) 
GOTO 130 
120 CALL CC81 
CALL DEVSPE<2400) 
CALL DEVPAPC215. ,300. ,Ql) 
CALL WINDQW(2) 
130 CALL PICCLE 
RETURN 
c 
c 
c 
c 
END 
SUBROUTINE EIXS(YQR,Y) 
CALL AXIP08(1 , 49 . ,YOR, 143. , 1) 
CALL AXIPOS(1,49 . ,YQR,50. ,2) 
CALL AX ISCA (1, 14, 10. , -130. , 1) 
CALL AXISCA(1,5,0 . • 25. ,2) 
CALL AXIDRA(-2 , 1,1) 
CALL AXIDRA(2, -1,2) 
C=YOR+50 . .. 
CALL MOVT02C192., C) 
CALL LINT02(49. ,C) 
CALL MOVT02(90. ,Y) 
CALL C~AHOL('DISTANCE FROM ENERGY SOURCE * L(MM)*. ') 
B=Y 
8=8+20. 
CALL CHAANG(9Ql . ) 
CALL MOVT02(38.,8) 
CALL CHAHOL('DISTANCE FROM* . ' ) 
B=B-8. 
CALL MOVT02(42. ,8) 
CALL CHAHOLC'WELD CENTRE LINE *LCMM>* .') 
CALL CHAANG( 0 . ) 
RETURN 
END 
SUBROUTINE RISKCYOR2) 
CALL AXIPOSCl, 192. ,YOR2,50 . ,2) 
CALL AXISCA(1 ,5,0 .• 25.,2) 
CALL AXIDRA(-2,0,2) 
~=:j=YOR2+3 . 
CALL MOVT02(192. ,YOR2 ) 
CALL LINT02(195. ,A) 
A=A+50. 
CALL LINT02 (195 . • A) 
A=A-3. 
CALL LINT02(192. ,A) 
CALL LINT02(49. ,A) 
A=A+3. 
CALL LINT02(52. , A) 
CALL LINT02(195.,A) 
RETURN 
~· 
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APPENDIX C 
LIST OF THE MOST COMMON SYMBOLS , ABBREVIATIONS 
AND UNITS USED IN THIS WORK 
Carbon equivalent 
Energy input 
Açtual dendrite size (mm) 
U x I/V (KJ/mm) 
HAZ 
HV5 
HY 
I 
se 
SD 
Sp 
Q&T 
u 
v 
wc 
z 
o< 
Wt% 
TEM 
SEM 
Heat Affected Zone 
Vickers hardness (136° , 5 Kg load) 
High Yield (strength steels) 
vlelding current (A) 
Solidification Cracking 
Standard Deviation 
Specimen 
Quenched and Tempered 
Wel ding voltage (V) 
vlelding speed (mm/s) 
Welding Condition 
Apparent dendrite size (mm) 
.. 
Angle between the dendri te grov1th direction 
and weld centreline 
Weight % 
Transmission Electron Microscope 
Scanning Electron Microscope 
~· 
